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ABSTRACT 
p3q5 
Porous tungsten pellets were fur ther  improved during the con- 
t r ac t  period by using highly classified spherical  tungsten powder. 
Neutral  efflux a s  low a s  2.7% a t  10 m A / c m  
cr i t ica l  t empera ture  only about 20°K above that of the solid metal .  
par t ia l  p r e s s u r e  should be below lom1' T o r r  for  the 1000 hour tes t .  
With carburization, the cr i t ical  temperature increases ,  and in the case  
of W2C and WC the neutral  efflux increases  due to  the lowered work 
function. 
slightly exceeds that of tungsten. 
2 has been measured,  with 
Hydrocarbons efficiently carburize the ionizer;  therefore  their 
In the case  of pyrolytic graphite deposits,  the work function 
Cesium ion desorption energies, measured  by the pulsed desorp-  
tion technique, a r e  in reasonable agreement with the theoretical  in te r -  
pretation, if the quantum-corrected image fo rce  and the ion polariza- 
bility a r e  considered. 
with desorption energies  computed f r o m  cr i t ica l  t empera ture  data, i f  
These measurements a r e  in good agreement 
changes in  surface coverage a r e  considered. CSjzuKm 
The ion microscope was put into operation, and maximum mag- 
nification of 130 has  been achieved to date.  
low distortion pictures .  
tions on the magnified a rea .  
The immers ion  lens offers 
The unit permits measurements  of work func- 
Most of this repor t  has  been published in the following journals: 
1. 0. K. Husmann and R. Tmk, "Characterist ics of Porous 
Ionizers,  I '  AIAA J. Vol. - 3 ,  1653-1658 (1965). 
0. K. Husmann, D, M. Jamba and D. .R. Denison, "The 
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Ionizers,  I '  Bull. AIAA, July 1964 (to be published in the 
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Coverage on Refractory Metals, 
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Phys ,  Rev.,  Vol. 140, A546-A55P (1965). 
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-
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I. INTRODUCTION AND SUMMARY 
During the contract  period, fu r the r  improvement in  porous tung- 
s ten surface ionizer character is t ics  was achieved by using highly c lass i -  
f ied spherical  tungsten powders. In par t icular ,  pellets made f r o m  2 . 4  p, 
tungsten powder and pellets coated with 70% dense 2.4.Ftungsten powder 
yielded low neutral  efflux. 
the substrate  (with 9. 6 x 10  po res / cm ) coated with a 5 mil layer  of 
70% dense 2.4, pspher ica l  tungsten powder yielded a neutral  efflux of 
2 . 7 % .  have been measured.  
Still fur ther  improvement may be achieved by increasing the coating 
thickness.  
that  of the solid mater ia l .  Neutral  efflux F@), pore density N per  
square  cent imeter ,  and ion cur ren t  density j in amperes  pe r  square  
cent imeter  a r e  related through the equation, 
2 At 1 0  mA/cm 
6 2 
ces ium ion cu r ren t  density, 
2 Ion cu r ren t  densit ies up to  2 5  mA/cm 
The cr i t ica l  temperature  at 10 rnA/cm2 is about 20°K above 
log F = 0 . 8  (log j t 8 . 7 5  - log N) . 
\ 
The pellets have been evaluated by u s e  of the ion beam deflection tech- 
nique and a r e  not affected by back-sputtered mater ia l  f r o m  the Faraday 
cup. 
Hydrocarbons easily decompose in the presence of the ion beam, 
and f o r m  fragments  of the original molecule, including carbon. De- 
pending on the deposition frequency and the bulk diffusion rate ,  pyrolytic 
graphi te ,  WzC, or  WC may be formed. 
function to decrease ,  and work functions a s  low as 4. 0 eV have been 
measu red .  
c a l  t empera tures  exceed those fo r  the clean tungsten surface and a r e ,  
f o r  pyrolytic graphite, 
W2C and WC cause the work 
The pyrolytic graphite work function is 4. 62 eV. The c r i t i -  
(3 T = 13,000/(6.75 - log j )  , K 
C 
1 
and fo r  the carburized surface,  
A smooth rolling over f r o m  low to  high ionization efficiency is observed 
f o r  the carburized tungsten, in  cont ras t  to clean and graphited tungsten. 
To avoid the deposition of carbon on the ionizer surface,  the carbon-  
aceous gas a tmosphere p r e s s u r e  should not exceed T o r r  for  the 
T o r r  -10 100 hour l ife tes t ,  and correspondingly, should not exceed 10 
- 3  f o r  the 1000 hour life tes t ,  with a n  accommodation coefficient of 10 . 
Contaminants (pr imari ly  rubidium, potassium, and sodium) in  
ces ium shifted the c r i t i ca l  t empera ture  f r o m  that of c lean tungsten to- 
ward that of the additive after about two months of continuous operation. 
(See Table XIV. ) 
The cesium ion desorption energies  a t  low surface coverage on 
rhenium, tungsten, molybdenum, and tantalum a r e ,  respectively,  2. 2, 
1. 95, 1.72, and 1 .  65 eV. The ces ium,  rubidium, potassium, and 
sodium ion desorption energies  on polycrystall ine tungsten, a t  low s u r -  
face  coveragesp a r e  1.95, 2. 0 7 ,  2. 22, and 2.  33 eV, respectively.  
These  data, measured  by the pulsed desorption technique, a r e  in good 
agreement with a quantum mechanically cor rec ted  image force  and a 
second te rm,  taking into account the polarizabili ty of the adsorbed ions.  
Alkali ion desorption energies ,  computed f r o m  cr i t ica l  t empera -  
t u r e  data, are in good agreement  with the above data,  if the changes in 
su r face  coverages a r e  taken into account. 
An  ion microscope has been developed, with magnifications up 
to  130, which yields excellent pictures  of the ion emi t te r  and the s u r -  
rounding molybdenum support .  Grea te r  magnification is  required f o r  
the investigation of the ion emission mechanism a t  the po re  exit. The 
microscope employs a Faraday- cup to m e a s u r e  the electron and ion c u r -  
r en t s  from small  patches.  
to  -e lectron converter  grid.  
nance of clean sur face  conditions. 
This cup is located direct ly  beneath the ion- 
Ultrahigh vacuum techniques pe rmi t  mainte-  
2 
11. ION SOURCE RESEARCH 
A. Introduction 
Ion source  r e sea rch  supports the ion engine program by pro-  
viding an intimate under standing of the relationship between surface 
ionization on porous refractory mater ia ls ,  the pore  density, and surface 
contaminants. 
ment of long life contact ion engines. 
this repor t ,  the relationship between pore  density and neutral  flux has  
been confirmed. 
resul ted in considerably reduced neutral efflux, the major  consideration 
in long life ion engines because of its re la ted dra in  cur ren ts  and e lec-  
t rode sputtering. At this t ime the neutral  efflux can  be maintained as 
low as 2.7% a t  an ion cur ren t  density of 10 m A / c m  
s ten  sur face .  
about 13% at a n  ion cu r ren t  density of 2 5  m A / c m  . 
These fac tors  a r e  of g rea t  importance in  the develop- 
During the period covered by 
Recent improvements in porous tungsten pellets have 
2 on the clean tung- 
With the same  pellet the neutral  efflux would increase  to 
1 
2 
Incandescent tungsten is  easily carburized by carbonaceous 
gases ,  particularly hydrocarbons, which a r e  present  in most  present -  
day t e s t  chambers .  A detailed study of individual hydrocarbons (rang-  
ing in  atomic mass number f r o m  16 to  128), as well a s  of carbon dioxide 
and carbon monoxide, has  been performed. It was confirmed that in 
the c a s e  of tungsten carburization, work function de ter iora tes  while 
the c r i t i ca l  temperature  for  surface ionization steeply increases .  
excess  carbon deposits on the tungsten surface,  it builds up a layer  of 
pyrolytic graphite, which has  a work function near ly  that of clean tung- 
s ten  but higher c r i t i ca l  temperature.  
If 
Crit ical  t empera tures  exceeding those of the clean surfaces  a r e  
detr imental  to the total  efficiency of a n  ion engine. 
strict vacuum requirements  must  be maintained during the ion engine 
life t e s t s  to ensure the required surface conditions. 
-10  
s u r e  of carbonaceous gases  should not exceed 10 
ground tes t s  of 10 hours .  
Therefore ,  very  
The par t ia l  p r e s -  
T o r r  fo r  ion engine 
3 
3 
F o r  a bet ter  understanding of the emission charac te r i s t ics  
around the pore exit, an  ion microscope with over 130 magnification 
has been developed f o r  ion and electron emission s tudies .  
Initial resu l t s  f r o m  cr i t ica l  temperature  and work function ex- 
periments conducted with additives in the cesium on the fuel side (at 
10% levels) indicate the importance of highly purified ces ium fo r  long 
t e r m  missions. 
Average surface l ifetimes of alkali  ions on clean tungsten have 
been measured; these data contribute to  the estimation of the sur face  
migration length, which must  be known in o rde r  to determine optimum 
pore  spacing. 
B. Experimental Equipment 
The experimental  equipment built under this contract  includes 
completion of the f i r s t  a l l -metal  c r o s s  tube. 
and Faraday cage of this unit had been completed during Phase  111 of 
Contract NAS 5-517. In addition, the second al l -metal  c r o s s  tube, in-  
cluding the stand, was completed a s  well  as the ion microscope with a 
130x maximum magnification. 
with the C E C  21-612 m a s s  spectrometer  heads and a r e  bakable up to 
150 C (without removal of the f e r r i t e  magnets f r o m  the 200 l i t e r / s e c  
ion pump); the pumping system provides a mercu ry  diffusion pump 
as well as the ion pump. 
a r e  separated by a zeolite t rap .  
The gun, neutral  detector ,  
All c r o s s  tube stations a r e  equipped 
0 
Mechanical and m e r c u r y  diffusion pumps 
C. Pellet Evaluation 
Twenty-two pellets were  evaluated. A few of these were  d i s -  
carded af ter  the helium flow ra t e  check because of a f r a c t u r e  in  the 
emi t te r .  
the same make.  
In general ,  such a pellet was exchanged fo r  another one of 
4 
P r i o r  to copper evaporation, the pellet rim was highly polished; 
following copper evaporation, 2000x photographs of this a r e a  were  used 
f o r  the s ta t is t ical  investigation of the pore density and pore  distance by 
the t r a v e r s e  technique. 2’ 
specimen were  taken to  insure  more than 10 
keep the relative s ta t is t ical  e r r o r  below 3%. 
A sufficient number of photographs of each 
pore  counts, in o rde r  to 3 * 
All pellets reported were  electron beam welded to a molybdenum- 
support in the standard ion gun (see Fig.  1)  and then flow ra te  checked 
in  the molecular flow range at temperatures  between 1000 and 1600’K. 
This technique is descr ibed i n  detail in Ref. 2. ** 
tant t o  measu re  the t ransmiss ion  coefficient 
because pores  a r e  easily clogged by s m a l l  amounts of any liquid at room 
temperature .  Gases  used in these measurements  a r e  helium o r  argon. 
P r i o r  to the flow ra te  measurements ,  the total p r e s s u r e  in  the vacuum 
chamber  (evacuated by a m e r c u r y  diffusion pump) was in  the 10 T o r r  
range. 
with a zeolite t r ap  between the two pumps. 
the pellet  was tempera ture  calibrated with a pyrometer .  
check provides the additional advantage that small c racks  in the pellet 
usually show up as a discontinuity in the T -1’2 slopeof the flow ra te  
ve r sus  the pellet temperature .  
It is  par t icular ly  impor- 
at elevated temperatures  
- 7  
The mercu ry  diffusion pump is backed by a mechanical pump, 
During the flow ra te  check 
This flow ra te  
2 
D. Elec t r ica l  Charac te r i s t ics  of Porous  Tungsten Pe l le t s  
~~ ~~ 
The e lec t r ica l  character is t ics  of porous surface ionizers 
depend strongly on the ionizer  surface condition. In par t icular ,  oxy- 
gen and carbonaceous gases  change neutral  flux and cr i t i ca l  temperature .  
* 
P o r e  densit ies (by t r a v e r s e  technique) were  furnished by R. Turk. 
** 
The rat io  of the number of a toms leaving the pellet a f te r  diffusion to 
the number of a toms impinging on the back of the pellet. 
5 
M 2876 
Fig.  1. Ion gun assembly for a l l -meta l  cross tube. 
6 
All measurements  reported here  have been made in ultrahigh vacuum 
to simulate space conditions. 
ion pump after baking a t  15OoC for  12 hours .  
during baking is maintained by a mercury diffusion pump, separated 
f rom the mechanical pump by a zeolite t rap .  
ments ,  the total p re s su re  i s  in the low Tor r  range. Typical mass  
spec t r a  (mass  numbers ranging from 2 to 80) revea l  only sma l l  amounts 
of water vapor and some hydrogen. 
-10 the hydrocarbons a r e  below 10 
the CEC 21-612 residual  gas analyzer used in these experiments.  
The system is pumped by a 200 l i ter /sec 
-6  A p res su re  of - 10 Tor r  
P r i o r  to these measure-  
Pa r t i a l  p re s su res  of oxygen and 
Torr ,  and a r e  beyond the range of 
Figure 2 shows the all-metal  c r o s s  tube connected to a 200 l i t e r /  
s ec  ion pump on its tes t  stand. 
Fa raday  cage with titanium l iner ,  and the neutral  detector with outer 
deflection plate. 
beam deflection tube and the ion gun, respectively.  
Figures  1, 3 and 4 show the ion gun, 
F igures  5(a) and (b) give c r o s s  sections of the ion 
The accel electrode consists of two layers ;  the layer  opposite 
the ion emit ter  is provided with a tungsten filament to maintain, by 
neut ra l  efflux, the cesiated electrode in the minimum of the electron 
emiss ion  S curve.  
cooled to eliminate thermionic electron emission to the Faraday  cage. 
The ion beam is completely intercepted by the faraday cup, a s  
The upper layer of the accel electrode is water 
indicated by the sputtering pattern inside i ts  titanium l iner .  
the c i r cu la r  ion beam expands proportionally to ( i /U 3/2) 1/2.  With the 
perveance of the ion gun (space charge limited range) a t  P = i / U 3 l 2 ,  it 
is c l e a r  that the ion beam expansion is independent of the ion beam 
c u r r e n t ,  because the expansion is proportional to P1l2. To avoid ex-  
ces s ive  ion beam expansion perpendicular to the plane, the outer 
deflection electrode c a r r i e s  side shields, as  shown in F i g .  5(a). 
The perveance of the temperature-compensated ion gun i s  constant, 
and for  cesium is  3 x 
In addition, 
A/V 3/2 . 
7 
M 3374  
Fig .  2. All-metal  high cu r ren t  density c r o s s  tube. 
8 
M 7.960 
F i g .  3 .  F a r a d a y  cage with titanium l iner  for  a l l -meta l  c r o s s  tube. 
M 2959 
, . 
. , 
/ 
F i g .  4 .  Neutral  detector for  a l l  metal  c r o s s  tube. 
9 
F i g .  5(a). C r o s s  section of pellet  evaluation t e s t  tube.  
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Sputtering of titanium .from the Faraday cage onto the ion emit ter  
is impossible due to emit ter  shielding by the accel  electrode s t ructure .  
N o  change of the emit ter  work function has  been measured ,  even a f t e r  
2 prolonged operation with 2 5  mA/cm ces ium ion cu r ren t  density. In- 
terception of the ion beam by the deflection plates can be easi ly  avoided 
by proper alignment. 
cage is intercepted by the strongly positive biased outer deflection plate. 
Consequently, the ion beam space charge is not neutralized. 
Faraday  cage secondary electrons do not contribute to the ion cur ren t  
reading, because the high voltage deflection potential is connected be - 
tween the Faraday  cage (which is insulated f rom ground) and the outer 
deflection electrode. 
Secondary electron emission f r o m  the Faraday  
The 
The ion cur ren t  is measured  between the Faraday  
a cage and ground. 
The Richardson work function is measured pr ior  to the ion beam 
experiments in o rde r  to check surface conditions ( see  F ig .  6) .  This 
measurement is repeated frequently during the pellet evaluation. P r i o r  
to emitter cleanup, the electron work function generally exceeds that 
of c lean tungsten (probably as a r e su l t  of adsorbed oxygen), but by 
heating the  pellet above l60O0Kf "the su r face  usually c leans up. 
work function is below that of clean tungsten, oxygen with a par t ia l  
p re s su re  close to 10 
indicated by the mass  spec t rometer ) .  
the pellet is discarded. 
ces ium flow ra tes  frequently c leans the pellet in a few hours .  
the clean sur face  is indicated by a Richardson plot with work function 
4.  55  f 0. 0 5  eV , with A = 120 A / c m  - deg ; i t s  t empera ture  usually 
measures  between 1200 and 1700OK. Pe l le t s  which do not yield work 
functions between 4. 50 and 4.  60 eV a r e  checked spectroscopically (this 
was donet f o r  example, on the; EOS E-3 and EOS E-6  pel le ts ,  a s  well 
a s  On the Astro-Met 10-1 pellet). 
The importance of the work function to  the neutral  efflux is indicated 
by Fig.  7, calculated f r o m  the &ha 'equation. 
If the 
- 5  T o r r  is  added (only while carbon monoxide is 
If volume carburizat ion occurs  
Application of high tempera ture  and small 
Finally 
2 2 
The r e su l t s  a r e  given in Table I. 
At a ces ium ion cu r ren t  
12 
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density of 10 mA/crn2 and with a work function of 4 .4  eV, the neutral  
efflux is 27dd;for clean tungsten with a work function of 4. 54 eV and a t  
10 mA/cm 2 cur ren t  density, the neutral efflux is 0.6% (solid tungsten). 
The spectroscopic analysis indicates t r aces  of silicon, magne - 
sium, lead, iron, aluminum, copper, nickel, calcium, and chromium; 
carbon appeared in a few pellets.  
be removed by oxygen. 
S i02 .  
understood. Copper and chromium a r e  evaporated at elevated temper - 
a tu res .  Iron, nickel, and aluminum fo rm solid solutions with tungsten 
i f  they a r e  present  in smal l  amounts. 
i ron  a r e  deposited on the emit ter  surface they wi l l  probably re-evaporate  
at ion emit ter  operating temperatures .  After cleanup, the pellet con- 
taminants should be limited to a few par t s  per million and no carbon 
should be present.  
If the contaminant is concentratedina thin surface layer  and not equally 
distributed throughout the pellet, the tolerable l imit  i s  low. 
tion is proportional to the par t ia l  pressure of the contaminant under 
consideration (if no diffusion process is involved) and follows the 
equation 
If the carbon is not excessive,  it can 
Oxygen also removes silicon in the form of 
The effect of the remaining metals (besides copper) is not well 
If sma l l  amounts of nickel or  
The tolerable limit of all contaminants is unknown. 
The evapora- 
- 2  - 2  -1  
PTorr  a = 5.85 x 10 
-4 At 1350°K, for example, the partial p re s su re  of nickel is 7 x 10 
T o r r  and consequently the desorption r a t e  i s  8.56 x 10 g c m  sec . -6 - 2  -1 
The neutral  f lux is measured opposite the ion emit ter  (Fig. 5(a));  
these measurements  a r e  independent of the deflected ion beam. 
signal-to-noise ra t io  is optimized because of the coll imator design. 
The coll imator is optically and electrically aligned f rom outside the 
vacuum chamber.  
sionally f rom the cosine distribution, e. g .  , in  the presence of a s t ra ight  
channel through the pellet. 
The 
The neutral  efflux charac te r i s t ic  may deviate occa- 
A change i n  the efflux character is t ic  is 
15 
indicated by a change in the neutral  detector geometry factor a t  cu r ren t  
densit ies below 1 mA/cm 
Evaluation of such pellets was discontinued. 
accura te  neutral  flux measurements ,  ion beam deflection of fe rs  the 
advantage of eliminating target  ma te r i a l  back sputtering f rom the 
Fa raday  cage to the ionizer.  
2 (i. e . ,  at ionization efficiencies above 99%)- 
In addition to providing 
The ces ium neutral  efflux depends on the flow ra t e  per pore and 
The effect of the pore s ize  on neutral  f lux is negli- 1 the  work function. 
gible up  to cu r ren t  densit ies of 10 mA/cm2 and pore densit ies of 10 
pores/cm . 
f rom the same tungsten billet, one with both surfaces  chemically etched 
and the other with both surfaces  highly polished. 
prepared pr ior  to copper removal.  Under clean surface conditions the 
neutral  flux was 47% equal for both pellets,  inside the 0 . 3 %  e r r o r  l imit  
Both pellets had 9 . 6  x 10 but their pore s izes  var ied (see 
Philips Metalonics Mod E data Sheet, F ig .  25). The neutral  detector 
e r r o r  limit is  0. 1 7 ~ ~  low enough to evaluate porous ion emi t t e r s  in 
the range between 1 mA/cm2 and 30 mA/cm . 
e r r o r s  other than the s ta t is t ical  e r r o r ,  the e r r o r  limit given he re  is 
6 
2 This conclusion resu l t s  f r o m  the investigation of two pellets 
The sur faces  were  
5 2 pores/crn 
2 To account for systematic  
0.3%. 
Surface roughness may become important  a t  higher cu r ren t  den- 
7 si t ies  due to overlapping emission cen te r s .  With 10 equally spaced 
pores/cm , the maximum emission rad ius  is 1.58 p for each center .  
The average surface migration length is proportional to the square root  
of the surface diffusion coefficient and the average ion surface l ifetime. 
This means that the emission center expands with increasing flow r a t e  
per pore. 
cients for cesium atoms and ions a r e  unknown, an  est imate  of the actual 
emission center size is difficult, but m a y  be in  the 1. 0 p range a t  
higher current  densit ies.  
dicated 2 . 0  t . ~  as the upper l imit  on tungsten. 
2 
Because the temperature  -dependent sur face  diffusion coeffi-  
Recent ion microscope measurements  in-  
16 
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The relation between cu r ren t  density, neutral  efflux in percent 
and pore density in the range up to  10 mA/cm2 is approximated by 
log (1 - @*) = 0 . 8  (log j t 8.75  - log N) ( 1) 
with the ionization efficiency @’” in percent,  j in amperes  pe r  square 
centimeter,  and N the pore density per  square cent imeter  ( see  Fig.  8 ) .  
This equation is in c lose agreement  with one published e a r l i e r , l  and its 
e r r o r  limit does not exceed 0.3’7”. 
According t o  the Saha-Langmuir equation, the neutral  flux 
depends to some extent on the pellet t empera ture  (see Fig.  9 ) .  
minimum occurs  a t  the c r i t i ca l  t empera ture  and inc reases  with t e m -  
pera ture .  
cu r ren t  densities at constant emi t te r  tempera ture ,  excessive neut ra l  
efflux is recorded at the low ion cu r ren t  density range.  Below 1 m A /  
Its 
If the neutral  efflux is measured  over the whole range of 
c m  2 , the neutral  efflux approaches that of c lean tungsten. 
Table I1 l i s t s  the s ta t is t ical  data  of a l l  pellets evaluated under 
this contract ,  together with the pellet t ransmiss ion  coefficient. 
e lectr ical  data,  regarding the neutral  efflux and the c r i t i ca l  t empera-  
tu re ,  follow f rom the subsequent ionizer  pellet evaluation repor t s  ( s ee  
F igs .  13 through 27).  
and t ransmission coefficient. 
The 
These repor t s  a l so  include the s ta t is t ical  data  
A summary  of the data which have evolved f rom this extensive 
study and which a r e  pertinent to  engine development a r e  shown in  F ig .  8 ,  
in which the neutral  f ract ion is plotted as a function of the number of 
pores per square  cent imeter  f o r  the constant cu r ren t  density of 10 m A /  
c m  . 
count) determined a t  Hughes. 
smoothly and monotonically decreasing function of the pore density;  
however, a lower reduction rate  of neut ra l  f ract ion is noted f o r  pore 
densit ies exceeding 4 x 10 6 po res / cm2 .  
2 The black dots represent  data points (neutral  f ract ion and pore 
It is s een  that the neutral  f ract ion is a 
The points along the solid 
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curve also a r e  representative of the chronological his tory of ionizer 
development. 
clogged pores.  
the Saha equati'on for  the solid mater ia l .  
Pe l le t s  which do not fall  on the line may have partially 
Extrapolation to  l o 8  pores / cm2  Ls in accordance with 
Figure 10 shows c r o s s  sections 0f.a HRL2.4 p. spherical  tungsten 
powder pellet and a porous tungsten substrate  coated with 2 . 4  P spheri-  
c a l  tungsten powder. Magnifications a r e  500 and 2000, respectively.  
The neutral  flux f rom the Philips Mod B pellet reaches 10% a t  
6 m A / c m  2 cesium ion cur ren t  density when uncoated (F ig .  11).  Coating 
this substrate with a 5 mil layer  of spher ica l  tungsten powder with 
2 . 4  t~. grain s ize  and a layer  density c lose to  7oY0 reduces the neutral  
flux to  4.1% at 10 m A / c m  cur ren t  density.  
base mater ia l  fur ther  reduces the neutral  flux f rom i ts  coated surface 
( a s  indicated in Fig.  11 for  the coated Mod E ma te r i a l ) .  A t  a 10 m A /  
cm2  current  density, the neutral  flux is 2 .  7y0 . 
2 Higher pore density of the 
* 
Curves for  uncoated tungsten with 106 and 3 x 106 p o r e s / c m  2 
a r e  included. 
and we may therefore  a s sume  that the coated pellets will  improve with 
coat thickness. 
below 2 p is not recommended because of excessive sintering of this  
ma te r i a l  a t  emi t te r  operating tempera ture  (1300 to  1400OK). 
gra in  s i z e  of the coat meta l  may be between 2 .  5 p. and 5 P .  
portant that the density of this coat does not exceed its maximum theo- 
re t ica l  density. 
mum density is 74%. 
theoretical  density moves toward 8OoJ. A s  expected, the ion cu r ren t  
ve r sus  neutral f l u x  f rom the HRL pellet is l e s s  s teep  than the coated 
mater ia l s ;  this i s  important in  connection with high cu r ren t  densi t ies .  
Fu r the r  increase of the pore density lowers  neut ra l  flux, par t icular ly  
a t  current  densit ies exceeding 10 mA/cm2,  a s  indicated by the ex t r a -  
polated curve with 3 x 10 The neut ra l  efflux of the HRL 
pellet is seen f r o m  the curve to  be 4% at 10 m A / c m  . Data f r o m  the 
Their  slope is l e s s  s teep  than that of the coa tedmater ia l s ,  
Coating of the substrate  with re f rac tory  me ta l  g ra ins  
The 
It is im- 
F o r  spherical  grains  of nar row distribution this maxi- 
With wider gra in  s ize  distribution the maximum 
6 po res / cm2 .  
2 
' 0 .  K .  Husmann and R. Turk ,  AIAA J. 3, 1653 (1965) - 
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2 Mod E coated ma te r i a l  show that neutral  flux below 50/,at 15 m A / c m  
ion cu r ren t  density is possible;  maximum c u r r e n t  densit ies of 25 mA/  
cm2 have been measured  for  this ma te r i a l  with 13. 30/, neutral  flux. 
Evaluation of the three  Astro-Met porous tungsten pellets has  
been discontinued in  two cases  (10-1B and 12-1C) due to  development 
of fine c racks  during electron beam welding to  the molybdenum sup- 
port .  The 8-1A pellet did not develop c racks  but s intered s o  strongly 
during its flow ra t e  check that it did not appear worthwhile to  continue 
testing. In aging experiments of the 8-1A pellets (in d r y  hydrogen) a t  
1372OC, Astro-Met repor t s  a reduction of the open pore volume f rom 
17 .  4y0 to  9 .  2y0 during the first 48 hours;  af ter  169 hours  this is r e -  
duced to  7 .7% .4 Spectral  analysis indicates l e s s  than 30 ppm nickel 
for  the 8-1A and the 12-1C pellets and 260 ppm nickel for the 10-1B 
pellets . 
The work function of the recently tested Astro-Met pellet 10-1 
is 4 .  54 eV. 
Table I ) .  
Spectral  analysis indicates no nickel, i ron  o r  carbon ( see  
Ion cu r ren t  densit ies up t o  25 mA/cm2 have been achieved. 
High voltage breakdown depends on the total  number ra ther  than 
relative number of cesium atoms leaving the emi t te r  sur face .  There-  
fo re ,  reducing the emit ter  surface a r e a  f rom its original s ize  of 0 . 2 5  
c m L  should permi t  higher current  densit ies than a r e  reported he re  
The cr i t i ca l  t empera ture  for  cesium ionization on solid tungsten is 
given by 5 
- 14000 OK 
Tc - 8.764 - log j 
6 and that for porous tungsten with 10 po res / cm2  (see  Ref.  1) by 
- 12500 OK - Tc 7.37 - log j 
25 
' .  
It is possible to  extrapolate f rom measurements  published by Taylor 
and Langmuir toward the range of cur ren t  densit ies of in te res t  here  
(Saha-Langmuir and Frenkel  equations). 5 9 6  
Fig.  12 shows, for a 10 m A / c m  2 cur ren t  density, the energy radiated 
The c r i t i ca l  temperature  increases  with decreasing pore density; 
f r o m  porous tungsten relative to  that radiated f r o m  solid tungsten. The 
radiation losses in connection with cesium ionization relative to  those of 
solid tungsten dec rease  strongly in the density range between l o 5  and 
10 6 pores /cm2 and approach asymptotically the value for solid tungsten 
a t  higher pore densi t ies .  This is similar t o  the dec rease  of neutral  
flux with pore density above L O  6 po res / cm 2 . 
The ionizer pellet evaluation data a r e  given in Figs .  13  through 
27. 
cur ren t  densities ranging f r o m  0 .1  to above 10 mA/cm . Included a r e  
statist ical  data such as mean pore diameter  (measured  by the t r a v e r s e  
technique2’ 
pore distance, 
e t e r  and mean pore distance, with 
They provide c r i t i ca l  temperature  and neutral  efflux for  cesium ion 
2 
and averaged f r o m  m o r e  than 1000 counts) and the mean 
The pore density is  computed f r o m  the mean pore diam- 
1 
(mean pore diameter  t m e a n  pore  distance) 2 .  
N =  
The t ransmission coefficient i s  given, as  measu red  by helium flow rate  
in  the molecular flow range 
room temperature and 1500 K. 
and in the tempera ture  range between 
0 The electron work function i s  a l so  shown. 
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pellet  type Z W - 2 . 8  SP-4 made by- t e s t  date  7/64 
pellet ma te r i a l  
mean pore  distance, I( 5 . 6  
2 1 .9  x 10 por e s / c m 
s ur  fac e t r e a t  me nt etched , stat is t ical  density - 8 1 * 5  % 
work function 4 . 5 5  eV, clean up process  standard 
mi  s c . inf or mat  i on 
. 
Tungsten. spherical  , mean pore  diameter ,  p 1.
-5  , t ransmiss ion  coefficient 4 .25  x 10 
t r ave r se  technique, weight density& % 
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peliet type ZW-5- 3-sp-1 made by HRL tes t  date 4/64 
pellet mater ia l  tungsten, spherical  , mean pore  d iameter ,  p 3 . 2  
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pe l le t type zw-6- 9 sp-.! __ made b y L  t e s t  date  10 - -  7.7 6 4 ’  
pellet ma te r i a l  tungsten, spherical  , mean pore  diameter ,  p 2 -  51 
mean pore  distance,  p 9.64 , t r ansmiss ion  coefficient 1 . 1 3  x 
p o r e s / c m 2  6.8 by t r ave r se  technique, weight density- 7‘0 
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t e s t  made by Husmann/Turk date- t 1964 r epor t  p repa red  b y H u s m a n n  
F i g .  16. IONIZER PELLET EVALUATION REPORT 
pellet  type X-N-4-23 M0d-E made by Phi l ips-Metalm ic  stest date  7!64 
coated 
pellet mater ia l  tungsten , mean pore  d iameter ,  p 2 . 2  
mean pore distance,  p 3 . 9  , t r ansmiss ion  coefficient 8 .2  x 10 
pores / c rn2  2.7 x 1' 
-5 
by t r ave r se  technique, weight d e n s i t y L  yo 
6 
coat  
sur face  t reatment  coated with 2 * 4  spherica1 , s ta t i s t ica l  density 74 % 
tungsten without binder coat density 70% 
misc. information Mod. E substrate  with 125 IJ. layer  of 2.4 spherical  tungsten 
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pellet type X-B-68-$ MQLR made by- * s t e s t  date  5 /64 
pellet ma te r i a l  Mod B base tungsten , mean pore d iameter ,  3. .  7. 
mean pore distance, p 3.9  , t r ansmiss ion  coefficient 1 x 
p o r e s / c m 2  2.7 x 10 
surface treatment coated with 2.4 p tungsten , stat is t ical  density 81* '7'0 
work function 4.5 e v ,  c lean up p rocess  s tan_dard 
coated 
by t r ave r se  technique, weight d e n s i t y 1  7'0 
6 
powder without binder coat density 70% 
misc. information pellet is coated with 5 mil thick la 
powder. No organic binder.  
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C o n c ~ u s i o n s :  The 5 mil  thick surface - layer  of f ine spher ica l  tunesten powder provides 
3 2  a good improvement with r ega rd  toJke uncoated -1 
t e s t  made by Husmann date.% r e p o r t  p repa red  by Husmann 
1. 
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pellet type E-6 made by t e s t  date  1/64 
pellet mater ia l  tungsten mean pore  d iameter ,  p 2.7 ( 1 - 6  by H g  intrusion) 
P rado  Labs,  Cleveland 
mean pore distance,  p 10.6 t r ansmiss ion  coefficient 1.3 x 10 -4  
p o r e s / c m 2  6 x  10 
s ur fac e t r e at me nt 
work function 4 * 4  e v ,  c lean up process  s tandard 
misc. information 3200 ppm i ron  
by t r ave r se  technique, weight density- 70 
5 
machined , statistical density 79.6 yo 
10 
etching 
IONIZER TEMPERATURE, OK NEUTRAL FRACTION, '/o 
Conclusions: 
depends on different surface conditions. 
plotted because of inconsistency of T, by neutral flux and ion cur ren t  measurements .  
The wide spread  of neutral  flux and cr i t ical  t empera ture  data partially 
EOS cr i t ical  t empera ture  (T,) data a r e  not 
- 
3 3  
t e s t  made  by Turk/Husmann date 2/64 r epor t  p repared  by Husmann 
TTT-  3 4  
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pellet  type E-3 made by EOS t e s t  date 3/64 
pellet ma te r i a l  tungsten , mean pore  diameter ,  p 1- 9 
mean pore  distance, 1 7 . 5  , t ransmiss ion  coefficient - 
por e s / c m 
s ur fac e t r ea t  me nt n ~ ~ h i n e d  , stat is t ical  density 68. 5 70 
1.1  x 1 0  by traverse technique, weight density- 7'0 2 6 
work function 5 * 0  e v ,  c lean up process  0 2  and standard 
mi s c. infor mat i  on 1200 ppm iron,  550 ppm carbon, 2800 ppm lead 
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C o n c ~ u s i o n s ~  Work function 5 . 0  eV af te r  oxygen cleanup and removal  of oxygen 
layer. Pel le t  testing was stopped af ter  it was impossible to 
achieve the clean tungsten - work function. 
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pellet type Mod* G made by Metalonics test date  Novo 63  
pellet ma te r i a l  tungsten , mean pore  d iameter ,  1 2* 
mean pore dis tance,  p 8 . 3  , t r ansmiss ion  coefficient 3 x 
por e s / c m ' 8 x  l o 5  by t r a v e r s e  technique, weight density- 70 
s u r  f a c  e t r ea t  me nt 
work function.* eV, clean up process  
mis  c. infor mation 
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pellet  type Mod9 E, 
pellet ma te r i a l  tunesten , mean pore  d iameter ,  p 2 . 4 ,  3.78 
mean pore  distance,  I( 7.8 ,6 .4  , t r ansmiss ion  coefficient 
made  by Metalonics t e s t  date. 11/63, 1/64 
3 x 1 0  -4 
technique, weight d e n s i t y z  % 
5 
p o r e s / c m *  9 . 7 ~  10 by - 
surface t rea tment  polished, etched* Or stat is t ical  density 76-1  '$0 
work function- eV, c lean up p rocess  
misc. information A f t e r  some time of operation d deter iorated toward 4.41 eV ( see  11) 
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pellet type Mod E, billet 418 made by Philips-Metalonicstest date  6/64 
pellet mater ia l  tungsten , mean pore  d iameter ,  p 
mean pore distance,  p , t r ansmiss ion  coefficient 1 7 5 x  
pores  / c m  2 by technique, weight density- 70 
s ur fac e t r ea t  me  nt , stat is t ical  density 7 0  70 
work function 4.5 eV, c lean up process  
mis  c. infor mat ion 
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t e s t  made  by O ° K *  Husmam date 6/b4 ' repor t  p repared  by 0 . K .  Husmann 
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;made  by Philips-Metal. test  date 11/63,1/64 - 
pellet  type Mod. E. 
pellet ma te r i a l  tungsten , mean pore  d iameter ,  p 7,-4 
mean pore  distance,  p 7 .  'I , t r ansmiss ion  coefficient 
p o r e s / c m 2  9.6 x 10 
3 
76 1 by trav'erse technique, weight density- 70 5 
surface treatment polished, , stat is t ical  density 7 2  70 
(10-29-63) - 20 mil 
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Conc~us ions :  Four pellets evaluated - with polished, machined, and etched surface - 
020 and 040 in. thick - essentially show - the Same data. 
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pellet type Mod E= billet 466 made by-- - t e s t  date  5/64 
pellet ma te r i a l  tungsten , mean pore  d iameter ,  j i  
mean pore  distance,  p , t r ansmiss ion  coefficient 
p o r e s / c m  2 by technique, weight d e n s i t y J  70 
s ur fac e t r e a t  me nt machined , s ta t i s t ica l  density 75 % 
work function 4-75 ev, clean up process  s tandard 
mis c. infor mation 
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t e s t  date pellet type Mod E. 
pellet ma te r i a l  tungsten , mean pore  d iameter ,  p 2.4 
mean pore distance, p 7 . 7 8  
. .  
made by-1-
-4 
, t r ansmiss ion  coefficient 2.5 x 10 
pores  / c m  2 9 . 6  x i o 5  by t r a v e r s e  technique, weight d e n s i t y 2  70 
surface treatment both s ides  polished , stat is t ical  density 7 2  % 
work function 4 .55  e v ,  c lean up p rocess  s tandard 
mi s c. infor ma t i  on 
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pellet ma te r i a l  tungsten , mean pore  d iameter ,  p 
mean pore distance,  p , t r ansmiss ion  coefficient 2.5 
by t r a v e r s e  technique, weight d e n s i t y z  yo 5 p o r e s / c m 2  9 - 7  x 10 
s ur fac e t r e a t  me nt machined , statistical density 76- 70 
work function 4* 55 e v ,  clean up process  s tandard 
misc.  infor mation 
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pellet type Astromet 10 - 1 
pellet ma te r i a l  tungsten , mean pore  d iameter ,  p 
mean pore  distance, I( 
pores  / c m  2 - by - technique, weight density> 70 
made by Astro-Met t e s t  date  9/64 
- 
, t r ansmiss ion  coefficient - - 
s u r  fac e t r ea t  me nt NONE , stat is t ical  density - 70 
standard work function 4*53 eV, clean up process  
mi s c . information rel .  high neutral  efflux 
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111. INVESTIGATION O F  ION EMITTER CONTAMINATION 
Measurements made on surface ionization ion engines in conven- 
tional space chambers  frequently indicated high dra in  cur ren ts .  
d ra in  cur ren ts  a r e  related to the deteriorating work function of the 
porous tungsten emit ter  and to excessive neutral  efflux. 
These 
56 
F o r  high ionization efficiency by surface ionization of cesium, a 
sufficiently high work function such as that of polycrystalline tungsten o r  
rhenium is required.  
2 1 m A / c m  If the work 
function is equal to  the ionization potential, the ionization efficiency is 
only 3370, according to the Saha- Langmuir equation with 
High neutral efflux at  ion cu r ren t  densit ies of 
o r  lower indicates work function deter iorat ion.  
where 
t 
N total  flux 
d 3 work function, eV 
I = ionization potential, eV 
N = number of emitted ions 
0 
T emit ter  temperature ,  K. 
In addition to high ionization efficiency, a low cr i t ical  t empera-  
t u re  f o r  surface ionization is  required in connection with the power 
efficiency of an electrostat ic  propulsion device a s  well as with lifetime 
7 requi rements  of the ion emi t te r .  
propellant is fed through the porous emi t te r  s t ruc ture .  
s t ruc tu re  during the t ime of operation may reduce the ionization effi- 
ciency and increase  the cr i t ical  temperature as  a resu l t  of the change 
in the number of pores  per  unit surface a r e a .  
In surface ionization engines, the 
Changes in this 
43 
The ion emit ter  sur face  contamination problem is the most  c r i t i -  
ca l  because an ion engine on an  interplanetary mission must  operate con- 
tinuously fo r  periods of one year  o r  more ,  and accumulation of contam- 
inants over such periods must  therefore  be avoided during ground testing 
of ion engines. 
In ear ly  1963, a detailed investigation of ion emit ter  contamina- 
*c50 tion in space chambers  was initiated. 
of ion emitter sur face  contamination that resul t  in changes in work func-  
tion and ion emission c r i t i ca l  temperature .  
There  a r e  two possible causes  
A .  Ionizer Contamination P r i o r  to Application in Ion Engine 
A number of ionizer contaminants have been mentioned in an 
1 ea r l i e r  publication. Some of them a r e  beryll ium, copper,  iron, silicon, 
nickel, chromium, columbium, molybdenum, calcium, aluminum, t i ta-  
nium, and  magnesium. 
and aluminum, which alloy with tungsten. However, if c lean tungsten 
powder is used in the production of porous tungsten and i f  sufficient 
c a r e  is  taken during pressing and sintering, the only remaining contam- 
inant may be carbon, and decarburization of tungsten can be efficiently 
accomplished with oxygen o r  water vapor.  
the solubility of carbon in tungsten i s  0 .  30 atomic '7'0 nea r  2400 C,  de -  
c reas ing  to 0. 05 atomic '7'0 near  2000 C and to  insignificant amounts a t  
lower temperatures .  
It is particularly difficult to remove all nickel 
9 According to Goldsmith, 
0 
0 
In the  surface ionizer tempera ture  range (between about 1300 
0 and 1500 K) the solubility of carbon in tungsten i s  practically z e r o  and 
no diffusion occurs .  
10 carbon a different condition exis ts .  
occur ,  which a r e  separated by more  o r  l e s s  wide a r e a s  of solid solubility. 
However, when tungsten f o r m s  a compound with 
Several  a r e a s  of coexistence 
$C 
Resul ts  of this investigation were reported in Quar te r ly  Report  
Number 3 of Phase 111 of Contract NAS 5-517. 
44 
A sudden break in the concentration penetration curve corresponding to 
each a r e a  of coexistence must  be expected. 
corresponds to a gradient of gradually changing concentration. 
explains the application of the equations given below. We can  fur ther  
distinguish three  separa te  ranges of diffusion: (1) diffusion following 
graphite deposition on the emit ter  surface, (2 )  diffusion following fo rma-  
tion of WzC, and ( 3 )  diffusion following the formation of WC. 
three  cases  depend on the deposition r a t e  of carbon on the emit ter  s u r -  
face and the diffusion velocity. 
s lab  is 
Each a r e a  of solid solubility 
This 
These 
The diffusion of carbon out of a tungsten 
11 
and the diffusion into the s lab by 
C = c (1 - (8/r 2 ) exp [- (T/h)2 Dt]} . 
0 
where C is the average concentration of carbon, c the concentration 
a t  z e r o  t imesy  h the depth of the material ,  D the diffusion coefficient, 
0 
and t t ime.  
carbon in tungsten to be D = 1 . 6  x 10 x 10 c m  / s e c .  These 
invest igators  measured a diffusion activation energy of 2 .  2 eV, while 
o thers  have given 2. 3 3  eV and 2. 5 e V  a s  the diffusion activation energy 
f o r  carbon in tungsten.” More than 99% of the carbon is  removed 
af te r  t ime  
Becker, et al. y13 measured the diffusion coefficient for  --
- 6  -11000/T 2 
11 
This  means that with T = 1600°K (a reasonable tempera ture  l imit  for  
s in te r ing  of the tungsten slab) and h = 0. 1 cm,  the above cleanup time 
45 
becomes 762 yea r s .  
decarburized p r io r  to pressing and sintering the porous tungsten slab. 
(With grain s izes  in the micron range and with tempera tures  in  the 
1900 C range the cleanup process  can be reduced to a few hours.  
tungsten carbide i s  removed by evaporation only if the temperature  
exceeds 2450OC. ) 
Thus, it is c lear  that the tungsten powder must  be 
0 
The 
14 
It should be mentioned that the tolerable l imit  of carbon in tung- 
s ten is not exactly known. 
la rge  variations between various laborator ies .  
Spectral analysis of one specimen shows 
B. Ionizer Contamination f rom Residual Gas Atmosphere 
If we begin with a clean tungsten ionizer ,  i t s  surface may be- 
come contaminated either a s  a resul t  of contaminants transported 
through the pellet f r o m  the cesium reservoi r  side or  f r o m  the residual 
gas atmosphere of the space chamber .  The chamber walls, gaskets ,  
and backstreaming hydrocarbons f r o m  the oil diffusion pump contribute 
to this residual gas atmosphere.  
various conditions was investigated by Holland.' 
baked to prevent the evaporation of hydrocarbons f r o m  the chamber  
walls, and i t  was found that the effect of gaskets could be eliminated by 
the use of Viton a r  aluminum rings a s  s ea l s .  With silicone 705 and 
efficient baffles (liquid nitrogen cooled), the r a t e  of deposition of oil 
residuals inside the chamber  was l e s s  than 5 &hour.  
-- et  a l . ,  
addition of an  oil  diffusion booster pump to  the main  oil  diffusion pump, 
i .  e .  T o r r  was main-  
tained. 
s teel  system were  methane, water vapor,  carbon monoxide, and carbol)  
dioxide. 
tion Of molecules of organic compounds in  the m a s s  number range up to 
108. 
Backstreaming of hydrocarbons f r o m  an oil diffusion pump under 
The sys tem had been 
Hengevoss, 
1 6  
emphasize the vacuum improvement  which resul ted f r o m  the 
- 5  a fore  vacuum of the main pump bet ter  than 10 
0 The residual gases  in the careful ly  baked (450 C )  s ta inless  
17 Zandberg, -- et  a l .  , discuss  the catalytic dissociative ioniza- 
'This range i s  In go9d agreement  with the data  of Hengevoss and 
46 
our measurements .  
number range may exceed 600.18 Because of the residual  gas  a tmos-  
phere,  positive ions appear f r o m  hydrocarbon cracking products, other  
than sodium and potassium ions which originate direct ly  f r o m  the tung- 
s ten ionizer.” It is well known from a number of investigations that 
optically designed and liquid nitrogen (LN ) cooled baffles a r e  quite 
effective in preventing backstreaming of hydrocarbons f r o m  the oil dif- 
fusion pump, but their  performance usually de te r iora tes  with t ime of 
operation because of oil c r e e p  over the baffle a rea .15  This is most  
important,  because the optically tight baffles a r e  efficient only as long 
as the gas and vapor sticking probabilities a r e  unity. 
probability of carbon monoxide, for example, i s  much lower than one 
a t  some surface coverage, and therefore the baffle does not contribute 
to i t s  condensation. 
monoxide a s  a function of surface coverage and (parameter )  of sur face  
tempera ture  of tungsten.’ 
steeply with surface coverage. 
is l e s s  strong. 
When there  i s  no protection by baffles the mass 
2 
The sticking 
Figure  28 shows the sticking probability of carbon 
This sticking probability dec reases  quite 
The effect of the substrate  temperature  
20 
Vapor p r e s s u r e s  of low mass number gases are plotted in Fig.  29. 
0 At liquid nitrogen temperature  (78 K)  the par t ia l  p r e s s u r e s  of nitrogen, 
oxygen, carbon monoxide, and methane sti l l  exceed 1 T o r r ,  and the 
p r e s s u r e  of carbon dioxide a t  this temperature  is c lose  to 1 0  
The par t ia l  p re s su res  of carbon monoxide, carbon dioxide, oxygen, 
methane, nitrogen, and hydrogen are  high enough to  affect surface prop- 
e r t i e s ;  these par t ia l  p re s su res  a r e  high because liquid nitrogen cooled 
baffles and/or  l iners  a r e  not pumping them efficiently. 
pe ra tu re  of liquid hydrogen a r e  their par t ia l  p re s su res  low enough (ex- 
cept  in  the cases  of helium, hydrogen and neon). 
f e r e  with the emit ter  surface at  operating temperature  a r e  oxygen, 
carbon monoxide, carbon dioxide, and the hydrocarbons. 
-7 T o r r .  
Only at the tem-  
The gases  which in te r -  
The effect of oxygen on the cesium surface ionization has been 
repor ted  ear l ier . ’  A typical effect of the presence of oxygen on tungsten 
47 
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Fig.  29. Vapor pressures  at  low temperatures .  
(See Ref. 20.)  
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i s  the hysteresis a t  the threshold for  surface ionization a t  low electr ic  
"' 2 2  Dyubua, et  al. , field strength. 
between the par t ia l  p re s su re  of oxygen and the tungsten work function 
(Fig.  30) at  1500'K. At 
is that of clean tungsten; this work function increases  to 5. 14 eV a t  a 
5 . 8  x T o r r  oxygen p res su re .  The sticking probability of oxygen 
on tungsten for  coverages below 4 x 1014 a toms /cm 
23 investigated the connection -- 
T o r r  oxygen p res su re ,  the work function 
2 i s  470, according 
to Becker, -- e t  al. ,15 in good agreement  with data published by Morgulis, 
et al. 24 
Oxygen i s  easily desorbed f r o m  tungsten a t  t empera tures  exceed- 
1 3 , 2 5  ing 1800'K. 
C.  Tung s ten-Carbide System 
We have seen that fo r  efficient ionization of cesium, a 4. 5 eV 
minimum work function i s  necessary .  
IngoldZ6) discuss  the electron work functions of metal  carbides .  
carbide work functions a r e  below those of the pure metal .  
work functions has been reported f o r  carburized tungsten. 
Several  investigators ( e .  g . ,  
These 
A variety of 
27 
Table I11 indicates that the reported work functions fo r  tungsten 
carbide range between 2 . 2 4  and 4.  8 eV. 
mater ia l ,  too thin for  identification with microscopic techniques, 
changes the work function. Work functions reported by Klein, Zubenko, 
27 28 
and Marchuk come close to the value f o r  pyrolytic graphite.  
according to the approach developed by Levine and GyftopoulosZ9; with 
the work function adjusted for  clean tungsten, WC, and WzC, the com-  
puted wcrk functions d isagree  with those observed,  par t icular ly  in the 
range between W and W C. 
A layer  of contaminating 
The electron work function of carburized tungsten was computed 
2 
A supporting program f o r  ion engine development was undertaken 
in o r d e r  to gain a better understanding of the effect  of tungsten carbide 
and graphited tungsten. 
carbons over a wide range of p r e s s u r e s  and substrate  tempera tures ,  
The tungsten was carburized with var ious hydro- 
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OXYGEN PRESSURE, Torr 
Fig. 30. Work function of tungsten in the pres- 
ence of oxygen. 
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TABLE I11 
Work Function of Tungsten Carbide (in electron volts) 
Baz- 
Taymas Marchuk Klein 
4. 8 3.  8 5  
4. 56 
w2c 
wc 
pyrolytic 
graphite 
Ivey 
4. 6 
and oxygen 
Baker 
and 
Gaines 
Rittner 
and 
Levi 
Z. ubenko, 
et  al. --
4. 58 
was added for  a fur ther  investigation of carburized and 
graphited tungsten. 
the investigation of individual hydrocarbons in  an ultrahigh vacuum sys  - 
tem and with the study of the residual  gas' a tmosphere influence in two 
space chambers.  In addition, the effects caused by backstreaming 
hydrocarbons f r o m  an  oil diffusion pump have been measured .  
This program has been pr imar i ly  concerned with 
P r io r  to measurement  under res idual  gas a tmosphere conditions, 
pellets as well a s  the tungsten fi lament have been tested under clean 
sur face  conditions in an ultrahigh vacuum sys tem.  
D.  Study of Individual Carbonaceous Gases  
The study of individual carbonaceous gases  includes (1) the effect  
of adsorbed carbon on the surface work function of tungsten and ( 2 )  the 
effect  of adsorbed carbon on the c r i t i ca l  t empera ture  for  sur face  ioniza- 
tion of cesium on tungsten, 
will be discussed la te r .  
The relationship between these two a r e a s  
The incidence ra te  of a toms per  unit surface a r e a  is given by the 
kinetic theory of gases ,  and in connection with this  incidence ra te  and 
the sticking probability (which usually strongly depends on the sur face  
coverage with regard  to a monolayer),  the deposition r a t e  can  be com- 
puted. Figure 31 relates  the par t ia l  p r e s s u r e  (1)  with deposition ra te  
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PRESSURE, Torr 
Fig. 3 1 .  Deposition of molecules on the su r -  
face in  m nolayers (5  x 1014 mole- 
the par t ia l  pressure.  Parameter i s  
sticking probability fo r  mass number 
28, a t  300°K temperature.  
cu les /cm 3 ) per day, depending on 
5 3  
- 2  of monolayers per  day, and ( 2 )  with sticking probabilities between 10 
and for  m a s s  number 28 a t  300°K. At T o r r  and a sticking 
probability of 0.170, 0. 76  monolayers/day a r e  building up, if we a s sume  
that the sticking probability is independent of surface coverage. 
pumping velocity S of such a surface is  
The 
S ( l i t e r s / s e c )  = l o e 3  aA(kT/2~rm) 1 /2 
with a E sticking probability, A = surface a r e a  in square  cent imeters ,  
k 2 Boltzmann constant, T z t empera ture  in  K, and m the atomic 
m a s s .  
0 
In F i g .  32, work function and neutral  efflux a r e  plotted ve r sus  
the t ime of deposition, with the carbonaceous gas p r e s s u r e  a s  pa ram-  
e t e r .  It 
should be mentioned that in the case  of higher hydrocarbons and a 0. 1% 
sticking probability, the deposition r a t e  is higher because of the in-  
c r eased  number of carbon atoms deposited p e r  event. 
The deposition ra te  i s  based on a 0.  1% sticking probability. 
The solid l ines  in Fig.  32 represent  the neutral  f l u x .  It is as-  
sumed that t h e  work function dec reases  l inearly with increasing sur face  
coverage, and that at  0. 66 monolayer, the work function (3. 85 eV) is 
that of W2C.z7 At 0. 66 coverage there  a r e  5. 5 x 1014 carbon atoms on 
the W2C surface.  Diffusion of carbon into the tungsten ionizer i s  re la -  
tively small a t  1400 K. 0 
The volume diffusion of carbon into tungsten is proportional to 
the diffusion coefficient and the carbon concentration gradient. During 
the development of a 0. 1% carbon monolayer on clean tungsten (carbon 
f r ee ) ,  the concentration gradient and therefore  the diffusion of carbon 
into tungsten a r e  negligible and become important only at surface cover -  
ages  exceeding 0. 1% monolayer.  
The data presented in Fig.  32  make  i t  c l ea r  that for  extended 
ground tests of over 100 hourss  the par t ia l  p r e s s u r e  of carbonaceous 
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Fig.  32. Work function and neutral  efflux f rom solid 
The work function de- tungsten at 1360'K. 
ter iorat ion i s  a result of carburization by 
carbon influx a t  a constant rate. 
f irst  o rde r  approximation, it is  assumed 
that work function dec reases  l inearly with 
development of W 2 C  on the emi t te r  su r -  
face. The computation i s  based on a stick- 
ing probability of 10-3 for  m a s s  number 28. 
As a 
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gases  should not exceed l o e 9  T o r r  and that f o r  1000 hour ground tes t s  
it should be below 10-l' T o r r .  
Electron and ion impact a s  well a s  elevated tempera tures  cause 
In Table IV, a few carbon bond energies  a r e  molecules to decompose. 
presented. 30 
TABLE IV 
Bond Energies  
According to J. H. B e y n ~ n , ~ ~  "it often seems  that it is the s t a -  
bility of the hydrocarbon fragments  which can  be formed by electron and 
ion impact, which exer t s  a major  influence in  deciding the main peaks i n  
m a s s  spectrum. I '  In Table V, the main  peaks of the decomposition 
products of the individual hydrocarbons under investigation, together 
with those of ethane, ethylene, and acetylene indicate a broad mass 
range originating f r o m  a single parent  peak. Frequently,  as in  the c a s e  
of hexane, the parent peak is smal l .  The data  f o r  ethane, ethylene, and 
acetylene a r e  f r o m  a publication by Klopfer and Schmidt. 32 
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Atomic 
M a s s  
Vumber 
106 
105 
91  
86 
79 
78 
77 
58 
57 
54 
52 
50 
49  
44  
4 3  
42 
4 1  
39 
31  
30 
29 
28  
27 
26 
25  
18 
15  
14 
13 
12 
TABLE V 
Decomposition Products  of Some Hydrocarbons 
Sylene 
:8H10 
(106) 
58 
30 
100 
4 . 9  
4 . 3  
6 . 2  
4 . 1  
77 
73  
Hexane 
‘gH14 
(86) 
1 1 . 3  
100 .0  
84 
79 
10 
56 
Benzene 
C6H6 
(78) 
~ 
100 
1 3  
29 .2  
20 
15 
8 . 5  
- 
Acetone 
C3H60 
(58) 
- 
24.8 
3.3 
4.4 
100 
17 .5  
7 .1  
7 1  
28 .5  
12 .4  
Ethanol  
C2H5OH 
(46) 
4 3  
59 .5  
100.0 
2 6 . 5  
8 4 . 5  
94 
1 7 . 3  
Ethane 
2H6 
(30) 
2 5 . 8  
20.5 
100.0 
2 7 . 6  
18. 1 
2 . 7  
3.1 
2 
Ethylenc 
C2H4 
(28) 
3 . 3  
100.0 
5 1 . 5  
47 
6 . 8  
2 . 0  
2 . 3  
3 . 2  
100.0 
19 
5 . 1  
4 
1 . 4  
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E. Experimental Setup for  Investigation of Individual Hydrocarbons 
Individual carbonaceous gases  have been investigated in an ul t ra-  
high vacuum sys tem.  
manifold between the ultrahigh vacuum sys tem and meter ing valve was 
carefully pumped to the lower eighth scale ,  as  measured by an ion gauge 
attached to the ultrahigh vacuum chamber.  The meter ing valve subse-  
quently was closed and pumping switched f r o m  the ion pump to the m e r -  
cury diffusion pump; the la t ter  is protected by a zeolite t r a p  against 
hydrocarbons backstreaming f r o m  the mechanical pump. 
pressure  in the ultrahigh vacuum sys tem under this condition was in the 
low eighth scale;  pumping with the ion pump produced background p r e s -  
s u r e  i n  the low ninth scale.  
P r i o r  to the introduction of the gas o r  vapor, the 
The background 
0 During the carburization of the heated tungsten surface (1600 K 
pyrometer reading with a 0 .  6 spec t ra l  emissivity a t  6650 8 and with 
glass  correction),  no electron or  ion cu r ren t  was extracted f r o m  the 
emi t t e r .  In this experiment carburizat ion was caused pr imar i ly  by the 
original g a s  introduced into the vacuum system, r a the r  than by decom- 
positionof the original gases  by the ion beam that occurs  during ion 
engine operation in the space chambers .  The sticking probability may 
be measured by control of p re s su re  change while the emi t te r  tempera-  
t u re  r ises  f r o m  300 to 1600OK. 
ever ,  and control of the work function change which depends on in te r -  
action time and carbonaceous mater ia l  p r e s s u r e  i s  m o r e  suited to this 
investigation. If the work function is that of c lean tungsten before  ad-  
mission of the hydrocarbon, a change in  work function by a few tenths 
eV i s  proportional to the sur face  coverage and is direct ly  proportional 
to the reaction probability, 
the volume must  be considered separately.  
a sticking probability c lose to 0 .  1% f o r  most  of the individually investi-  
gated gases.  
somewhat lower I 
This method is not very accura te ,  how- 
Diffusion of carbon f r o m  the sur face  into 
So far,  experiments  indicafc 
The sticking probability of carbon monoxide s e e m s  to be 
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? 
Individual gases  used in this investigation range f r o m  single 
carbon molecules such a s  carbon monoxide and methane to napthalene 
(CloH8), xylene (C H 
( C3H60),  ethanol ( C2H50H), and acetylene (C Hz). 
bond energies  a r e  2. 5 to 4. 5 eV (S. Glasstone”) while the carbon 
monoxide bonding is  no l e s s  than 9 . 6  Thus, 
the reaction probability fo r  carbon monoxide mus t  be lower than for  the 
hydrocarbons. 
of i t s  decomposition into carbon monoxide and nascent oxygen, (Here  i t  
is  assumed that reaction probability is equal to the sticking probability, ) 
Figure 3 3  shows the decomposition of carbon dioxide under e lec-  
), hexane ( C  H ), benzene (C H ), acetone 
8 10 6 14 6 6  
The hydrocarbon 
(See a l so  Table IV. ) 
Carbon dioxide h a s  a ze ro  reaction probability because 
tron bombardment. 
resu l t s .  Instead of building up a n  oxygen p r e s s u r e  paral le l  to that of 
carbon monoxide, o r  half that  in the f o r m  of 0 2 ,  oxygen is adsorbed. 
The lower p a r t  of Fig.  3 3  shows the gas  spec t rum (measured  with a CEC 
21 -61 2 residual gas  analyzer) 10 min a f te r  this reaction began. Identi- 
fied by the peak a t  m a s s  number 14, the peak a t  M-28 indicates a small  
percentage of N 
to oxygen (M-16). Mass  number 16 cannot be methane because of the 
disappearing M-15 peak. 
Development of carbon monoxide and nascent oxygen 
besides carbon monoxide. No  M-32 peak is paral le l  2 
The CEC 21 -61 2 res idual  gas analyzer  sensitivity for  different 
gases  i s  presented in Table VI. 
a f te r  placing the 3 .  9 kG magnet in  its optimum position. 
These sensit ivit ies were measured  
F. Effect on Work Function 
When carbon is  chemisorbed on a tungsten surface the work func- 
tion character is t ical ly  i s  below that of clean tungsten. 
ages  give an intermediate work function value between that of clean 
tungsten and tungsten carbide. 
Pa r t i a l  cover-  
When excessive carbon is deposited on an ionizer,  a thick layer  
of pyrolytic graphite is  formed which initially (in these experiments) had 
a work  function of about 4. 9 eV. As cesium was passed through the 
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Fig. 33 .  
Decomposition of carbon dioxide -into carbon monoxide in t e s t  chamber  
(9. 65 l i ters).  
that of carbon monoxide, oxygen i s  pumped away. The m a s s  spectrum 
i s  taken 10 min  a f te r  s t a r t  of this experiment.  Analysis of mass num- 
b e r s  28 and 14 peaks shows some nitrogen in  addition to  carbon mon- 
oxide. The par t ia l  p r e s s u r e  of carbon monoxide inc reases  somewhat 
m o r e  strongly than expected f rom the carbon dioxide decay, indicating 
desorption of carbon monoxide f rom the chamber  walls. 
Instead of building up the oxygen p r e s s u r e  para l le l  to  
6 0  
TABLE VI 
Gas Analyzer Sensitivity at  20 pA Electron Emission 
Gas 
Argon 
Helium 
Carbon 
Monoxide 
Carbon 
Dioxide 
Nitrogen 
Oxygen 
Hydrogen 
Sensitivity 
x 1 0 - 9  T o r r /  
Division 
3.45 
15.40 
3. 71 
5 . 7  
3 .  15 
5. 15 
4 .69  
Ratio to 
Argon 
1 - 0  
0 .22  
0.926 
0. 6 
1 .1  
0. 67 
0.73 
CEC Ratios 
to Argon 
(Ref,  34) 
1 .0  
0.051 
0.99 
- 0.81 
0.96 
0.71 
0.027 
sur face ,  the work function decreased to a stable 4. 62  eV;  it would thus 
appear  that the higher value may have been caused by occluded gases ,  
27 The f inal  value ag rees  well with Klein, who measured  carbon on tung- 
s ten by field emission, and with Ivey,28 who reviewed the work function 
of graphite.  
leaked into the sys tem to p re s su res  of 10 , 10 , 10 , 10 , and 
5 x 10 The oxygen supply was spectroscopically pure oxygen 
supplied by Airco and was leaked into the sys tem through a Granville- 
Phi l ips  ultrahigh vacuum valve equipped with a low torque dr iver .  
work function of the carbon surface did not deviate f r o m  that obtained in 
ultrahigh vacuum, i. e . ,  4 .62 eV, unt i l  a p r e s s u r e  of 10 T o r r  was 
reached ( see  Fig.  34). At pressures  lower than 10 
v e r s u s  1 / T  curve agreed well with a curve computed using A = 120 A / c m  
deg . At p r e s s u r e s  grea te r  than 10 T o r r  oxygen, the work function in- 
c r e a s e d  a s  the temperature  was lowered (this is  to be expected when 
oxygen adsorbs on the surface).  Below 10 T o r r  oxygen, the desorption 
r a t e  of oxygen in the f o r m  of 0 
With the heavy layer  of graphite on the sur face ,  oxygen was 
-7 -6 -5 -4 
-4 
T o r r .  
The 
-4 
-4 T o r r  02, the log j 
2 - 
2 -4  
-4 
CO, o r  C 0 2 ,  f r o m  the carbon surface,  2’ 
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INVERSE EMITTER TEMPERATURE, $ (a) 
F i g .  34. 
The electron emission of the graphited surface.  
The par t ia l  p r e s s u r e  of oxygen is added. 
ing to the slope, A equals 120 A/cm2-deg', as 
long a s  the par t ia l  p r e s s u r e  of oxygen i s  not 
over - 5 x T o r r ,  and the work function of 
graphited tungsten is  4.62 eV. Because the work 
function of tungsten covered with a layer  of pyro- 
lytic graphite i s  so close to that of c lean tung- 
sten, the c r i t i ca l  t empera tu re  fo r  surface ioni- 
zation is needed f o r  differentiation. 
Accord- 
62  
was g rea t  enough to  maintain a clean carbon work function as low a s  
1500OK. 
Diatron during oxidation of the carbon surface.  
The CO and CO concentrations w e r e  monitored with the CEC 2 
G.  Effect on Cr i t ica l  Temperature  
Both the work function and cr i t ical  t empera ture  a r e  needed to  
determine the condition of the surface. The fact that  the work function 
is depressed  is not sufficient to  determine carburization. The chemi-  
sorpt ion of carbon a s  W2C o r  WC results in a shift of the c r i t i ca l  t em-  
pera ture  toward higher temperatures  and the amount of shift is dependent 
on the degree of carburization. 
curve  f o r  a carburized surface with a work function of 4 . 2 8  eV. The 
curve is shifted toward higher temperature  and loses  the s h a r p  break  
in ion cu r ren t  that clean tungsten has. 
c r i t i ca l  temperature  curve for f r ee  carbon or  pyrolytic graphite on the 
tungsten surface.  
ve r sus  ion cur ren t  curve which can  be character ized by 
F i g u r e  35 shows a cr i t i ca l  temperature  
Also shown in  F ig .  35 is the 
This graphited surface has  a c r i t i ca l  t empera ture  
K .  13000 0 
C = b.75 - log j 
Here  j is the amperes  per  square  centimeter.  
Figure 36 gives data for  a shift in c r i t i ca l  temperature  with work 
It is necessary  here  to determine how to  define the c r i t i ca l  function. 
tempera ture  for the rolled curve.  F r o m  a pract ical  point of view, the 
value chosen is a tempera ture  above which the ion cur ren t  does not in- 
c r e a s e .  
l inear  f i t  was chosen because insufficient data were  obtained to  c lear ly  
es tab l i sh  any curvature .  
useful.  
is given by 
The dotted line is the least  squa res  l inear  f i t  to  the data .  A 
However, this  first approximation can s t i l l  be 
The cr i t i ca l  t empera ture  of a fully carburized tungsten surface 
14620 0 . - 
Tc  - b . 92 - log j 
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Fig. 35.  Ion cur ren t  versus  tempera ture  showing the c r i t i ca l  tempera-  
tu re  behavior of a carburized tungsten sur face  and a curve of 
pyrolytically deposited graphite. 
also added. 
characterist ic,  while that  f o r  the carbur ized  sur face  very 
much depends on the amount of carburization. 
Neutral  efflux curves  a r e  
The neutral  efflux f o r  the pyrolytic graphite i s  
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Fig. 36. Surface work functions ve r sus  cr i t i -  
ca l  temperature  fo r  surface ioniza- 
tion of cesium on carburized porous 
tungsten at 1 ~ A / c ~ Z  cu r ren t  
density. 
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In the presence of oxygen, the graphited surface shows hys te res i s  of 
the threshold temperature  for cesium sur face  ionization a s  was a l so  
reported for  oxygenated tungsten.22 The hys te res i s  width increases  
-4 
with increasing oxygen p res su re ,  and reaches N 80°K a t  10 
oxygen, while a t  10 
cr i t ica l  temperatures  for  graphited and carburized tungsten a r e  com- 
pared with those of c lean tungsten. 
T o r r  
In F ig .  35 -7  T o r r s  the width does not exceed 35OK. 
H. Conclusions f rom Residual Gas Atmosphere Tes t s  
Study of the effect of individual carbonaceous gases  on work 
function and cr i t ica l  temperature  indicates that to  some extent, carbon 
monoxide, carbon dioxide (by decomposition to  carbon monoxide) and 
particularly the hydrocarbons a r e  detr imental  to  the operation of contact 
ion engines, since they cause carburizat ion of the emi t te r  sur face .  
burization reduces the work function and increases  the c r i t i ca l  t empera -  
t u re  for  surface ionization. 
tinguished by their  different work functions. 
work function is below, and the graphited tungsten work function is close 
to that of clean tungsten. In both c a s e s ,  the c r i t i ca l  t empera ture  ex- 
ceeds that of clean tungsten. F o r  graphited tungsten, the changeover 
f rom low to high ionization efficiency is s teep  with emi t te r  tempera ture ,  
while a smooth rolling over is observed f o r  the c a s e  of the carbur ized  
sur face ,  and its c r i t i ca l  t empera ture  exceeds that of the graphited tung- 
s ten.  
f rom the residual gas  a tmosphere will  dif fuse into the tungsten s lab;  the 
work function and c r i t i ca l  temperature  then depend on the ra t io  of d i f -  
fusion to  deposition. 
carbon diffusion into the tungsten s lab  is not ve ry  s t rong.  
the probability of pyrolytic graphite deposition if  the par t ia l  p r e s s u r e  of 
the carbonaceous gases  is high enough. 
bonaceous gases  in the res idua l  gas  a tmosphere  is low, a carbur ized  
tungsten surface develops. 
C a r -  
Carburized and graphited tungsten a r e  dis  - 
The carburized tungsten 
If the emit ter  originally is carbon f r e e ,  par t  of the deposition 
In the ion engine operating tempera ture  range,  
This i nc reases  
If the par t ia l  p r e s s u r e  of c a r -  
This is the mos t  probable c a s e  in oil diffusion 
66 
pumped space chambers  operated at low p r e s s u r e s .  
face  carburization is detr imental  to ion engine operation, because of 
the s teep  increase of neutral  flux resulting f rom lowered work function. 
The increased  cr i t i ca l  temperature  connected with the smooth rolling 
over t o  high ionization efficiency adds another s eve re  problem for  
engine operation in space chambers .  
descr ibed in this report  show that if  it were  possible t o  operate the ion 
engine in the presence of sufficient amounts of hydrocarbons, quick 
coverage of the emit ter  with pyrolytic graphite would be ensured. How- 
ever ,  since this condition cannot be c rea t ed  in  a space environment, a 
clean emi t te r  surface is  required.  
hydrocarbons over periods of one year and m o r e ,  the oil diffusion pump 
may be replaced by a m e r c u r y  diffusion o r  ion pump. The cr i t i ca l  
nature of par t ia l  p r e s s u r e  of hydrocarbons was indicated in Fig.  32.  
This p r e s s u r e  should be below 
below 10-l '  T o r r  for  a 1000 hour life tes t .  
par t ia l  carbon monolayer will be deposited af ter  100 days,  assuming a 
sticking probability of 0 .  1% and a hydrocarbon par t ia l  p re s su re  of 10 
T o r r .  
during a 365-day t e s t  period. ) Usually, cold t r a p  performance de ter io-  
r a t e s ,  accompanied by hydrocarbon p r e s s u r e  increase .  
These resu l t s  indicate the need for  fur ther  improvement in t e s t  
chamber  environment in order  t o  conduct long duration tes ts  of contact 
ion engines which will yield realistic resu l t s  f o r  space operation. Such 
chamber  improvements can be made, but long duration operation in  
ground based chambers  should be  confirmed by extended space opera-  
t ion of the contact engine. 
The effect of s u r -  
Results of the measurements  
T o  avoid possible backstreaming of 
T o r r  for  a 100-hour life tes t ,  and 
According to Fig.  32,  a 
- 10 
(This p re s su re  is optimistically assumed to  remain constant 
I .  Life Tes t s  with Contaminants 
The eight gun life t e s t  system was completed ear ly  in the con- 
t r a c t  period, and included eight ion guns with porous tungsten pellets.  
F o r  m o s t  of the t e s t  period, the system used a mercu ry  diffusion pump 
67 
since problems with the ion pump developed in an ear ly  stage of opera-  
tion. 
reached;  the mercury-diffusion pump produced levels on the seventh 
sca le .  To avoid pellet contamination by g lass ,  a new type of cesium 
container has  been developed; it is sealed by cold-weld copper on one 
s ide,  and has  a 5 mil tungsten s e a l  brazed to  the other side.  Cesium 
i s  filled in under dry-box conditions and the capsule evacuated pr ior  t o  
s e a l  off. 
Using the ion pump, p re s su re  levels on the ninth scale  were  
The s e a l  i s  broken f r o m  outside the capsule.  
With this life tes t  sys tem we intended to  evaluate the effect of 
impurit ies which would be added in known quantity to  ces ium.  
chosen additives belong to  the first and second group of the periodic 
sys t em with the exception of aluminum (111 A ) .  
elements of the lower groups of the periodic sys tem lower the substrate  
work function. The alkalies sodium, potassium, and rubidium may be 
present  only a s  a very  small amount of contaminant in  the ces ium 
reservoi r  at the beginning of ion engine operation. 
tive amount of contaminant may increase  during the t ime of ion engine 
operation due to  the cesium consumption. 
ear th  metals is  more  questionable than that of a lkal ies ,  but not neces-  
s a r i l y  negligible. 
of the time stability of the porous tungsten s t ruc ture .  
container has one additive (10% by weight). 
eight tungsten pellets a r e  combined with additives, vapor p r e s s u r e s ,  
and t ransmission coefficients. 
The 
It is a genera l  rule that 
However, the r e l a -  
The presence  of alkaline 
Aluminum and zinc have been added for  investigation 
Each ces ium 
In Table VI1 details  of the 
T h i s  life tes t  experiment is d i rec ted  pr imar i ly  toward the in-  
vestigation of work function and c r i t i ca l  t empera tu res .  
A recheck of work function in  this  life t e s t  sys tem at the begin- 
ning of the t e s t  confirmed clean su r faces  with 6 = 4. 55 eV for  all guns.  
After about two  months of continuous operation with the alkali  additives,  
the cri t ical  t empera ture  f o r  sur face  ionization increased  and exceeded 
that of pure cesium on tungsten at an ion c u r r e n t  density level  of 1 m A /  
crn2 ( see Table VI11 and F ig .  3 7 ) .  
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Fig. 3 7 .  Crit ical  temperature  for surface ionization of cesium contain- 
ing 10% sodium, a f te r  2 months of operation. 
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Pellet  
Work Function, 
eV Fue 1 Compo sit ion 
Cesium and 1070 Na  4.45 
Cesiumand 10% K 4.55 
Cesium and 10 70 Rb 4. 15 
Mod. B-1 
Mod. B-2 
Y -111 
x -111 
x-v 
x-VI1 
x-VIII-2 
U - ~ S P  
Cr i t ica l  Temperature  
Relative to and L 
at 1200 K 
t 155OK 
t 1  lOoK 
t 39OK 
TABLE VI1 
Impurit ies Added to  Life Tes t  Pe l le t s  
Transmission 
Coefficient 
1 . 5  10-4 
1 . 5  10-4 
8 . 4  10-4 
9 .95  10-5 
2 .24  10-3 
6 . 2 8  10-4 
5 . 2 4  10-5  
7 . 4  10-4 
Additive 
Rb 
S r  
A1 
Ba 
K 
Ca 
Na 
Zn 
Periodic  
System 
Group 
IA 
IIA 
IIIA 
IIA 
IA 
1 IA 
IA 
IIB 
6, 
eV 
2 .  13 
2.74 
4 . 6  
2.  56 
2 .65  
3 . 6  
2 . 2 8  
4 .27  
Additive Vapor 
P r e s s u r e  at 
550°K 
0 . 5 5  T o r r  
2 . 3  10-7 
7 . 5  10-9 
negligible 
0 .  16 
1 x 10'8 
6 x 
4 . 5  10-4 
TABLE VI11 
Crit ical  Temperature  Increase  fo r  Surface Ionization 
Compared with Cr i t ica l  Temperature  fo r  Cesium on Tungsten 
The c r i t i ca l  temperature  change i l lus t ra ted  in Table VI11 cor -  
responds to the change in c r i t i ca l  t empera ture  f r o m  cesium to that of 
the additive ( see  Fig .  37). 
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IV . ALKALI ION DESORPTION ENERGIES ON POLYCRYSTALLINE 
REFRACTORY METALS* 
The average l ifetime of adsorbed alkali  a toms and ions strongly 
depends on the condition of the substrate surface,  its patch distribution, 
i t s  adsorbed gas  layers ,  and the volume contamination of the substrate.  
In the case  of oxygen o r  pyrolytic graphite on the emi t te r  surface,  an  
increased desorption energy has  been observed in connection with the 
increased cr i t ical  temperature  for  surface ionization. 
64 
Today only a limited number of alkali ion desorption energies  
measured  on the re f rac tory  me ta l s  rhenium, tungsten, and molybdenum 
a r e  available. 35-41 In addition, a number of theoretical  approaches to 
the interpretation of the desorption energy have been published. 42-46 
A. Theoretical  Evaluation 
Becker13 employed the Lennard-Jones potential4' to draw the 
adsorption energy diagram for cesium atoms on tungsten "for the atom 
following the inverse sixth power of the distance until close to the s u r -  
face,  where ve ry  strong repulsive forces come into play. This 
energy diagram i s  shown in Fig. 38, where the atom desorption energy 
Q and the ion desorption energy Qi a r e  related by a 
where  d i s  the work function, I the ionization potential, dQ the ioniza- 
tion activation energy,48 and e the electron charge,  
desorption energy Q( r )  resu l t s  f r o m  the sum of repulsive Qrep, image 
'im, 
F o r  the ion, the 
and polarization Qpol energies. 
:s 
0. K. Husmann, Phys. Rev. 140, A546 (1965) and Bull. Amer.  Phys.  
Sac. 10, 68 (1965) 
-
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where 
1 
d Q ( r ) / d r  = 0 yields the ion to substrate  distance; a is  the ion 
polarizability, The ine r t  gases  and the alkali  ions have the same outer 
F o r  e o ,  therefore, the ine r t  gas coefficients have ' shell  configuration. 
been used which correspond best  to the alkali  ions ( see  Table IX, s e c -  
ond column). 49  B / 2  i s  used in the calculations because in this case  
one ion interacts  with the substrate  a toms r a the r  than interacting with 
two alkal i  ions. 
0 
2 3 4 5 
TABLE I X  
12 - 1 Potential Constants 
Ine r t 
Gas 
Atomic 
Weight E 0' 
a e r g s  
Xe (Cs') 
K r  (Rbt) 
A r  (K') 
Ne ( N a t )  
309.9 4. 56 130.2 
238.4 4.03 82. 9 
165 3. 84 39.91 
48.2 3.12 20.2 
E i s  in 10-16 e r g s .  a 
0 
Alkali 
132.8 
85.44 
39.09 
22 .99  
6 
Alkali Ion 
Polarizabili ty , 
a, 8 3  
2.73 
1.  64 
1.01 
0.21 
I 
7 3  
The third column of Table IX provides the iner t  gas  interatomic d is -  
tances.  In columns 4 and 5, the atomic weights of gas and alkali a r e  
compared. 
ages  f rom available publications), 
Column 6 shows measured  alkali ion polarizabili t ies (aver  - 
50 
It i s  recognized that the image charge expression needs a quantum 
mechanical correction for distances below a few angs t roms,  
rection can be expressed by 
This c o r -  
51 
= E K 1 / 2  ( e2 /4 r2 )  Qim -cor  r 
and the corrected image charge t e r m  i s  
2 1 / 2  e 
2 4 r  
2 
4 r  
* 
Qim(r) = - f t 6~ 
with 
where 
According to Sachs and Dexter,  51 the upper limit for  6 is  0 .46 .  
cording to Cutler,  e t  a l ,  , 52 the lower l imi t  for  6 i s  0. 09. 
tal considerations with sodium on tungsten (110 plane) lead to 
p is the number of f r e e  e lectrons per  unit volume in the metal .  
Ac-  
Geometr i -  
e = 0. 3 3  -- 
. (Ref.  53). Both the lower and upper l imi t  for  5 do not f i t  with the 
5 3  measured data and therefore  6 = 0. 3 3  was used throughout. 
A second approach (method 11) takes  into account the cor rec ted  
51 image force 
( p r o s e n ,  I_-  e t  al. 
not considered. 
strongly than with the twelfth powere its contribution i s  small .  
(eq. (9a))  and the ion polarizabili ty according to eq. ( loa) 
54 
) e  
If we assume ‘chat the repulsive force dec reases  m o r e  
In this approach, the shor t  range repulsive force  i s  
In 
7 4  
addition, Avgul, e t  a l . ,  43 have shown that dipole-quadrupole and 
quadrupole -quadrupole t e r m s  a r e  not negligible and that they contribute 
to cancelling the repulsion term.  
-- 
Q. ( r )  i s  identical to that given by eq. (9a)  im 
a e 2 ~ r (31 - r~  p ) 2 / 3  ln[2(3n 2 p) 1 / 3  r 3 
Qpol(r) = - 
( W 3  r2  
where r i s  the ion radius and p the f r ee  e lectron density of the sub- 
D L L a L c .  -+-- +^ 
energy in t e r m s  of p. 
lat t ice atom. 
Herc the substrate  only weakly influences the ion desorption 
There i s  approximately one f r ee  electron p e r  
Table X furnishes the basic data f o r  the above equation, 
TABLE X 
Alkali and Refractory Metal Constants 
c s+ 
Rbt 
Kt  
Nat  
2 .73  
1.64 
1 .01  
0 , 2 1  
Ion 
Radius, a 
1 . 6 5  
1 .49  
1.33 
0. 98 
Ionization 
Potential, 
eV 
~- 
3. 89 
4. 18 
4.34 
5. 14 
Re 
W 
Mo 
Ta - 
Lattice 
Constant 
i? 
2.755 
3 .  15 
3.14 
3. 29 
Structure 
Type 
hexagonal 
close 
cubic body 
cubic body 
cubic body 
Work 
Function, 
eV 
4 . 9  
4.54 
4.  24 
4. 15 
The ion polarizabili t ies used he re  (second column) a r e  those used for  
the 12 -1 potential computation. 50 Table XI combines the calculated ion 
desorpt ion energies .  
75 
TABLE XI 
Calculated De sorption Energies  (values in eV) 
2 
The second column of Table X I  presents  Q = e / r ,  the third (Method I), 
the desorption energy according to the 12-1 potential with uncorrected 
image force,  
mechanically corrected image force.  
eqs.  (9a) and(  10a)and column 7 presents  the ion desorption energ ies  a c -  
cording to the second approach.  
columns reveals close agreement  between desorption energies  result ing 
f r o m  image force  and 12-1 potential because of par t ia l  compensation of 
the repulsive and polarization forces .  The 12-1 potential data fo r  c o r -  
rected image force  (column 4) compare bet ter  with measu red  data and 
come closer to the data obtained with Method I1 (column 7 ) .  
Column 4 (Method I) shows the 12-1 potential with quantum 
Columns 5 and 6 resu l t  f r o m  the 
Comparison of the second and third 
7 6  
B. ExDe rimental  Evaluation 
-~ ~~ 
The standard technique f o r  measuring ion and atom desorption 
energies  is the pulsed molecular beam method, which takes into account 
the exponential dependence of the average surface lifetime upon desorp-  
tion energy. 
age surface l ifetime T is a t  T K and the desorption energy Q is given 
in e lectron volts. 
This i s  expressed by the Frenkel  equationb. where the ave r -  
0 
T = T exp (Q/kT) 
0 
In the experiments reported here ,  the alkali  ion is desorbed f r o m  the 
emi t t e r  surface by the pulsed acceleration potential following the ion 's  
diffusion through the porous pellet. The exponential ion cur ren t  decay 
is  photographically recorded with a 545A Tektronix oscilloscope. The 
oscilloscope t ime base calibration w a s  compared with the 60 cps power 
line frequency and deviations of less  than 270 were  measured.  
of the ver t ica l  amplifier was within 270. 
ion l i fe t imes,  the pulse decay t ime without ion cu r ren t  was repeatedly 
checked. 
Linearity 
For  correct ion of the average 
The average surface lifetime r e su l t s  f r o m  
1 
e I / Io  = - 
with Io an a rb i t r a ry  point on the decay slope.41 We consider only the 
exponential decaying par t .  
is  adjustable between 5 and 50 pulses/sec and the pulse width is  con- 
tinuously adjustable between 100 and 1000 psec;  r i s e  t ime is a maximum 
270 of the pulse width. 
10 kV, and the alkali flow adjusted to yield less than a monolayer of 
emi t t e r  surface coverage between the pulses.  
coefficient has  been measured  with helium in the operating temperature  
range and is  close to 10 
The acceleration potential pulse frequency 
The acceleration potential i s  kept constant a t  
The pellet t ransmission 
-4 2 fo r  a l l  pellets investigated. (The t ransmission 
77 
coefficient i s  the rat io  of a toms leaving to a toms impinging on the back 
side of the emi t te r .  ) 
denum support, 
The pellets a r e  e lectron beam welded to a molyb- 
2 The porous emi t te r  has  an average surface a r e a  of 0 .25 cm , is 
of concave shape, and is incorporated into a P ie rce  gun type e lec t ro-  
static acceleration s t ructure .  
3 x A/V?/'. 
space charge limit and the field strength a t  the emi t te r  is close to 10 kV/ 
cm. 55 At this field strength,  the Schottky effect is negligible, 
desorption energy i s  lowered due to the t e r m  (e  
yields a reduction in the ion desorption energy by 0.038 eV,  well inside 
the stated e r r o r  limit. 
The gun perveance for  cesium ions is 
The extraction potential applied he re  is above the 
If the 
3 a t  10 kV/cm this 
The l ifetime measurements  were  expanded over tempera tures  
ranging from 1100 to 1500°K 
m e t e r ) .  
measured by comparing surface tempera ture  with that in a hole 0.  22 in. 
deep and 0. 03 in. in diameter .  
(average);  molybdenum, 0. 55; tantalum, 0. 55. 
ent exists on the indirectly heated 0. 22  in. diameter  pellets.  
temperatures  a r e  accurate  within 8 K. 
(controlled by a Leeds and Northrup pyro-  
The spectral  emissivi t ies  of the var ious porous ma te r i a l s  were  
They a r e :  rhenium, 0.47;  tungsten, 0 . 6  
No tempera ture  grad i -  21 
The emi t te r  
0 
Figure 39 i s  a c r o s s  section of the ion gun-Faraday cage a s s e m -  
bly. 
which is closed by the porous pellet. The Faraday  cage i s  located op- 
posite the ion gun; i t  is  liquid nitrogen cooled during operation and i s  
positive-biased with respec t  to the accelerat ion electrode to avoid sec -  
ondary electron emission. 
to  prevent e lectron emission. 
tions during operation, the sys tem i s  pumped with a 200 l i t e r / s e c  ion 
pump, and p r e s s u r e s  in the low 10 
residual  gas atmosphere i s  monitored by a CEC 21-612 residual  gas  
analyzer.  
The lower portion of the ion gun consis ts  of the alkali  supply tube 
The accelerat ion electrode i s  water  cooled 
In o rde r  to maintain clean sur face  condi- 
-9 T o r r  range a r e  reached. The 
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Fig. 39. Ion gun-Faraday cage assembly.  
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Figure 40 i s  a typical spectrum showing hydrogen and a small  
P r i o r  to ion pump operation, the H 2 0  peak. 
sys tem (including the ion pump) is baked for  12 hours  a t  1 5OoC, evacu- 
ated by a mercu ry  diffusion pump, and protected against  backstreaming 
hydrocarbons f r o m  the mechanical pump by a zeolite trap.  
a r e  copper gaskets,  
No  oxygen is indicated. 
All seals  
Cleanup of the emi t te r  surface is  checked by the electron work 
function, 
emi t te r  high temperature  (- 1600 K)  treatment.  
through the emit ter  normally speeds the cleanup. 
most  frequent contaminants in tungsten, molybdenum, and tantalum, 
and i t s  presence is  indicated by reduced work function. 56 In the case  of 
emi t te r  carburization, oxygen was admitted a t  par t ia l  p r e s s u r e s  up to 
In general ,  a clean work function has  been measured  a f t e r  
0 A smal l  flow of alkali  
Carbon i s  one of the 
Torr  and the carbon monoxide peak monitored until the peak 
disappeared. 
The final work functions were  in  good agreement  with those pub- 
lished for the polycrystalline surfaces  of rhenium, tungsten, molyb- 
denum, and tantalum. Within e r r o r  l imits ,  the Richardson constant 
agreed with the theoretical  value of 120 A/deg -cm . The work function 
was frequently checked during operation, and no contaminants have been 
obs e rve d ,  
2 2 
1. Surface Contaminants 
The desorption energy i s  changed by such contaminants 
a s  adsorbed gases  f rom the residual  a tmosphere.  
sys tem generally contains l a rge r  amounts of hydrogen and nitrogen ( p r i -  
mar i ly  f rom outgassing metal  par t s )  which dec rease  with time. 
example, hydrogen inc reases  the work function of tungsten-113 by 0.43 
eV and is desorbed below the emi t t e r  operating tempera ture .  The 
same occurs with nitrogen58 and carbon monoxide, 59 The amount of 
adsorption is  p re s su re  and tempera ture  dependent and, within the ope r -  
ating temperature range, is  low. In par t icu lar ,  oxygen inc reases  the 
An ultrahigh vacuum 
F o r  
57 
80 
I 
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F i g .  40. Residual g a s  spectrum (at  20 PA). 
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ion desorption energies.  
a t  about 1 800°K. 13' 25 We observedthat  oxygenwas removedatabout  1600°K 
in presence of alkalies.  
portional to the condensation probability and decreases  with increasing 
sur face  coverage. 
tion probability a t  low coverage i s  0 .  14 on tungsten and decreases  to 
l e s s  than 0.  04 a f t e r  l e s s  than half of the surface is covered. Oxygen 
-10 pressure  should be below 10 
conditions. This was checked indirectly. The maximum sensitivity 
to oxygen of the CEC 21 -612 analyzer has  been measured  to 5 .15 x 10 
Torr/division. This is reached af ter  placing the 3. 9 kG magnet in i t s  
This sensitivity can optimum position - a t  20 pA electron cur ren t .  
be increased by a factor of 5. 
emission, the oxygen par t ia l  p r e s s u r e  was beyond range. 
f ree  oxygen exist ,  they should accumulate with the pump off f o r  a period 
of t ime;  however, off t imes of 2 hours  o r  m o r e  resulted only in a smal l  
increase of m a s s  28 and m a s s  2 peaks. 
interesting to note that a f te r  shut-off, the ion pump st i l l  pumps some 
gases  onto i t s  clean titanium surfaces .  ) The pellet  work function in-  
dicated no changes during the shut-off t ime.  
Oxygen i s  reported to disappear completely 
Its  condensation out of the gas phase is pro-  
IT According to Becker, -- et a l . ,  the oxygen condensa- 
T o r r  in o r d e r  to maintain clean sur face  
-9 
56 
In a l l  experiments  with 100 pA electron 
If t r aces  of 
No oxygen was detected. (It is 
Another source of contamination m a y  be alkalies.  Alkalies 
(such a s  cesium in the sodium rese rvo i r )  m a y  affect the average sodium 
surface lifetimes. F o r  this reason, the alkali  ampules  were  checked 
spectroscopically. A typical analysis  shows 16 pprn sodium, 16 pprn 
potassium, and 24 pprn rubidium, in addition to t r a c e s  of alkaline ea r th  
and other e lements  in cesium. Approximately the same o r d e r  of alkali  
contaminants have been found in rubidium, potassium, and sodium. 
In  separate  experiments,  the e f fec ts  of 107' of one additive mixed 
with cesium were studied with regard  to  work function and cr i t ica l  t e m -  
perature .  
detected in the cases  of bar ium and calcium additives. 
potassium, and sodium, however, the original ces ium cr i t ica l  t empera -  
tures  shifted toward those of the additives.  
Af te r  two months of continuous operation, no effects were  
With rubidium, 
(See Section 11:-I. ) 
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The experiments with sodium were  not s tar ted before the r e s e r -  
voir  had been continuously heated over 12 hours  to disti l l  off the minute 
amounts of rubidium, cesium, and potassium, Potassium was handled 
in the same way. 
t imes  have been measured  over approximately one week to insure the 
absence of alkali  contaminants in the reservoi r .  
F o r  the data reported he re ,  the average surface life- 
2. Experimental  Re sult  s 
After emi t te r  cleanup, the alkali ion desorption energies  
were  measured  on rhenium, tungsten, molybdenum, and tantalum. These 
data a r e  compiled in Table XII. (The e r r o r  l imit  for  desorption energies  
is  * O .  05  eV. ) In accordance with the energy diagram (Fig.  38) ,  the de-  
sorption energies  given a r e  negative. 
TABLE XI1 
Measured Ion Desorption Energies  
- 1  3 
aThe T~ data a re  in 10 sec.  
Table XI11 presents  the alkali surface l i fe t imes a t  1100 and 1500OK. 
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These alkali  ion desorption energies a r e  lower than those r e -  
It i s  ported in Table XI,(colurnnp2in connection with the image force,  
interesting to note the good agreement between the measured  ion desorp-  
tion energies  on tungsten and those computed according to eq,(10).  (See 
Table XI, column 7 ) .  
In curves  A and B of F ig .  41, the measured  desorption energies  
a r e  plotted ve r sus  the difference between work function and ionization 
potential in relation to the Schottky equation ( 7 ) .  
energies  cannot be computed f r o m  these data because of the unknown 
dQ t e rm.  ) 
and curves  C and D a r e  calculated according to the second method, 
is the desorption energy according to the uncorrected image force.  F r o m  
our data, we notice a steadily decreasing ion desorption energy f r o m  
rhenium to tantalum. 
ment  with those for tungsten) increase f rom ces ium over rubidium to 
potassium ( see  Table XII). 
force.  
(Atom de sorption 
For  comparison, computed ion desorption energies  a r e  added 
E 
The ion desorption energies  for tantalum (in ag ree -  
This agrees  well with the trend of the image 
The T~ data on rhenium, tungsten, and molybdenum a r e  in good 
However, those m e a s -  60 -62  agreement  with theoretical  considerations. 
ured on tantalum (par t icular ly  with cesium) a r e  much longer. It should 
be emphasized that the tantalum electron work function fo r  these meas -  
u remen t s  was the same a s  that reported in the l i t e ra ture .  It is in te res t -  
ing to note that the cesium cr i t ical  temperature on tantalum exceeds that 
of rhenium. 1 
3 .  Ion Desorption Energy and Cri t ical  Temperature  
The cr i t i ca l  temperature f o r  surface ionization depends 
2 
on the ion cur ren t  density. It i s  defined by the s t e e p  increase  of ion 
cu r ren t  due to cleanup of the emit ter  surface f r o m  excessive alkali.  
With the Frenkel  equation '( 1 I),the desorption energy is  
1 In - 
7 *2 * T1 
Qi = ( k )  T2 - T1 72  (.I 3) 
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and with 
8 uo e 
j 
T =  I 
it follows that 
where T is the emit ter  temperature ,  j the ion cu r ren t  density, and 8 
the sur face  coverage relative to  a monolayer. u 
atoms pe r  square centimeter in  a monolayer. Equation (15)contains 
the logarithm of the change in surface coverage with cur ren t  density. 
In the third column of Table XIV, the ion desorption energies  a r e  com- 
puted according to e q .  ('15) f rom crit ical  temperatupe .data compiled 
in columns A and B, assuming e,/el = 1. 
exceed those reported in  Table XII. 
is considered (using ion desorption energies f r o m  Table XI1 in connec- 
tion with equation ( 141,) ,then c r i t i ca l  temperature  ion desorption energies 
come c lose  to those reported in  Table XI1 (see l a s t  column in Table XIV). 
At cur ren t  densit ies below 0 . 1  mA/crnZ, the c r i t i ca l  temperature  
1 
is the number of 
0 
These desorption energies  
If the change in sur face  coverage 
measu red  on porous emi t te rs  corresponds to that of the solid mater ia l .  
T can  be expressed by an  equation of the form 
C 
T = A/(B-log j )  
C 
with T in  degrees  Kelvin and j in  amperes  per  square cent imeter .  
C 
F o r  the four alkalies under consideration, the equation constants 
A and B (tungsten) a r e  given in  Table XIV. 
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TABLE XIV 
Cr i t ica l  Tempera ture  Data 
Qi, eV 
-2.73 
-2.76 
-2 .81  
-3.26 Na 
Qi ( e ) ,  eV 
-1 .94  
-1.965 
-2.  14 
-2.26 
14.0 x 10 
14. 1 x 10 
16 .3  x 10 
1 6 . 3  x 10 
C .  Conclusions 
8.764 
8.54 
9 .69  
9 .  19 
The measured  alkali ion l ifetimes on porous tungsten a r e  in  good 
agreement with computed data which take into account the quantum m e -  
chanically cor rec ted  image force  and the polarization force  (Method 11, 
Table XI) .  
desorption energy a l so  comes close t o  the experimental  data .  
par ison with published experimental  ion desorption energies  
rhenium (Table IX) makes it probable that these theoret ical  approaches 
have given too  little consideration to  the subs t ra te  influence. 
With the cor rec ted  image force ,  the 12-1 potential alkali  ion 
Com- 
35-37 on 
In a l l  our experiments ,  c lean sur face  conditions were  maintained 
and checked by the electron work function. 
done on polycrystalline sur faces .  
severely influence the average su r face  l i fe t imes ,  have been removed 
either by  applying high tempera tures  and s m a l l  amounts of a lkal i  o r  by 
oxygenation of the surface before the final cleanup. 
All measurements  were  
Surface contaminants,  which may 
The -r0 constant in  the Frenkel  equation measu red  on tantalum 
-- 12 exceeds the expected range of 10 
ces ium.  
measured on tungsten, increase f r o m  ces ium to  potassium. 
set, part icular ly  in the case  of 
The desorption energ ies ,  however,  in accordance with those 
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V. THE ION MICROSCOPE 
During the period of performance of this contract ,  an ion mic ro -  
scope was developed; current ly ,  its maximum magnification is 130. 
This magnification can  be increased by a factor exceeding 10. 0 by ad- 
dition of an  Einzel lens .  
range of the maximum optical microscope resolution; that  is, close to  
5 x cm.  This resolution is given by 
The resolution of this unit should be in the 
6 3  
where E is the thermal  energy of electrons or  ions and E the field 
s t rength a t  the emi t te r .  With 10. 0 kV/cm a t  the emi t te r  (the distance 
between emit ter  and first e lectrode of the electrostat ic  immers ion  ob- 
jective is variable and on the o rde r  of 10 mil), the potential between the 
emi t te r  and objective has  to  be on the o rde r  of 250 V. 
energy is on the order  of 0 .  1 e V  and the resolution becomes 
The thermal  
0 . 1  -5 6 = - = 10 cm.  
104 
This is of particular importance for  higher magnifications. 
To  increase picture contrast  an  inverter  unit consisting of an 
ex t remely  fine (500 to  1500) mesh  Nickel s c reen  is positioned opposite 
the f luorescent  sc reen;  it is operated at 8 to  10 kV. 
The microscope may be operated as an ion emission as well a s  
e lec t ron  emiss ion  device, to  permit  study of ion emiss ion  a t  pore exits 
o r  patch distribution of the emi t te r  surface.  
t e r  su r f ace  can  be scanned. 
x-y motion. 
F o r  this purpose the emit-  
The emitter is se t  up on a table to  provide 
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The ion microscope is kept under ultrahigh vacuum by a 200 
l i t e r / s ec  ion pump. 
a s  f o r  tungsten pellets for  surface ionization studies;  that is ,  by high 
temperature  (> 1600OK) application, with or  without cesium flow. 
case  of surface carburization, oxygen is applied. 
Clean surfaces  a r e  maintained in the same way 
In 
Figure 42 shows the complete ion microscope setup, with the 
ion pump as the supporting base.  
The lower section contains the movable emit ter  and the upper section 
contains the electrostatic e lectron optical sys tem a s  well  as the image 
inverter .  Copper gaskets a r e  used throughout. To  avoid excessive 
cesium in the sys tem during operation, a cold t r a p  is added in  the upper 
section. This microscope allows quantitative measurements ,  and it is 
planned to apply it t o  detailed investigation of the ion emiss ion  process  
around the pore exit, to  evaluate the sur face  diffusion length, and t o  
study the patch distribut,ion on the emi t te r  surface under various condi- 
tions. The la t ter  necessi ta tes  magnification exceeding 10 . 
The tube is divided into two sections.  
3 
Figure 43 is a magnification, in the light of e lectron emission,  
The s m a l l  single c rys t a l s  a r e  magnified of the porous pellet support. 
about 120 t imes .  
to  assure  sufficient brightness.  
wi l l  be improved fur ther  by polishing the whole emi t te r  su r f ace .  
0 The emit ter  tempera ture  must  exceed 1600 K in order  
Resolution over the whole s c r e e n  a r e a  
Fig .  42. Photograph of assembled ion microscope. 
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Fig. 4 3 .  
Magnification (1 20x) of the 
molybdenum pellet  support  in 
the light of e lectron emission. 
A r e a s  of different work func- 
tions appear  as different 
brightnesses.  
9 2  
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